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EXECUTIVE  SUMMARY 


1.  GENERAL  STRATEGY 

The  overall  program  embraces  property  profiles,  manufacturing,  design 
and  sensor  development  (Fig.  1)  consistent  with  a  concurrent  engineering 
philosophy.  For  this  purpose,  the  program  has  created  networks  with  the 
other  composites  activities.  Manufacturing  research  on  MMCs  is  strongly 
coupled  with  the  3M  Model  Factory  and  with  the  DARPA  consolidation  team. 
Major  links  with  Corning  and  SEP  are  being  established  for  CMC 
manufacturing.  Design  Team  activities  are  coordinated  by  exchange  visits,  in 
February/March,  to  Pratt  and  Whitney,  General  Electric.  McDonnell 
Douglas  and  Corning.  Other  visits  and  exchanges  are  being  discussed. 
These  visits  serve  both  as  a  critique  of  the  research  plan  and  as  a  means  of 
disseminating  the  knowledge  acquired  in  1992. 

The  program  strategy  concerned  with  design  attempts  to  provide  a 
balance  of  effort  between  properties  and  design  by  having  studies  of 
mechanisms  and  property  profiles,  which  intersect  with  a  focused  activity 
devoted  to  design  problems  (Fig.  2).  The  latter  includes  two  foci,  one  on 
MMCs  and  one  on  CMCs.  Each  focus  reflects  differences  in  the  property 
emphases  required  for  design.  The  intersections  with  the  mechanism 
studies  ensure  that  commonalties  in  behavior  continue  to  be  identified,  and 
also  facilitate  the  efficient  transfer  of  models  between  MMCs  and  CMCs. 
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Fig.  1  The  Concurrent  Engineering  Approach 
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2.  PROPERTY  PROFILES 

Each  research  activity  concerned  with  properties  begins  with 
experiments  that  identify  the  principal  property-controlling  phenomena. 
Models  are  then  developed  that  relate  the  physical  response  to  constituent 
properties.  These  models,  when  validated,  provide  the  constitutive  laws 
required  for  calculating  stress  redistribution,  failure  and  damage 
progression.  They  also  provide  a  solid  physics  and  mechanics 
understanding,  which  can  be  used  to  judge  the  effectiveness  of  the 
simplified  procedures  needed  for  design  purposes. 

2.1  Fatigue 

Studies  of  the  propagation  of  dominant  mode  I  fatigue  cracks  from 
notches  in  MMCs,  including  the  role  of  fiber  bridging  and  fiber  failure,  have 
been  comprehensively  addressed  (Zok,  McMeeking).  Software  programs  that 
include  these  effects  have  been  developed.  These  are  being  transferred  to 
Pratt  and  Whitney  and  KAMAN  Sciences.  The  effects  of  thermal  cycling  on 
crack  growth  in  MMCs  have  also  been  modelled  (McMeeking).  The  results 
highlight  the  opposing  effects  of  cycling  on  matrix  crack  growth  and  fiber 
failure  (the  fatigue  threshold),  when  thermal  cycles  are  superposed  onto  load 
cycles.  Notably,  matrix  crack  growth  is  enhanced  by  out-of-phase 
thermomechanical  cycling,  but  fiber  failure  is  suppressed  (and  vice  versa  for 
in-phase  cycling).  Experimental  studies  that  examine  these  predictions  are 
planned  (Zok). 

Studies  have  also  been  conducted  on  systems  that  exhibit  multiple 
matrix  cracking  (Zok).  The  tensile  stress-strain  behavior  of  composites 
containing  such  cracks  is  analogous  to  the  behavior  of  unidirectional  CMCs 
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under  monotonic  tensile  loading.  As  a  result,  models  developed  to  describe 
the  tensile  response  of  the  CMCs  have  found  utility  in  describing  the  MMCs. 
However,  two  important  differences  in  the  two  classes  of  composite  have 
been  identified  and  are  presently  being  addressed.  The  first  deals  with  thr> 
nature  of  the  crack  patterns.  In  the  CMCs.  the  cracks  are  more  or  less 
uniformly  spaced  and  generally  span  across  the  entire  composite  section.  In 
contrast,  the  MMCs  exhibit  a  broader  distribution  of  crack  sizes,  many  of 
which  are  short  compared  with  the  specimen  dimensions.  Methodologies  for 
measurement  and  interpretation  of  crack  densities  in  MMCs  are  being 
developed.  The  second  problem  deals  with  degradation  in  the  interfacial 
sliding  properties  with  cyclic  sliding  in  the  MMCs.  Such  degradation  is 
presently  being  studied  using  fiber  push-out  tests  in  fatigued  specimens. 

Thermal  fatigue  studies  on  MMCs  subject  to  transverse  loading  have 
been  performed  and  have  established  the  conditions  that  allow  shakedown 
(Leckie).  The  shakedown  range  is  found  to  be  strongly  influenced  by  the 
extent  of  matrix  creep,  which  defines  a  temperature  limitation  on  the  use  of 
the  material.  The  eventual  outcome  of  this  activity  would  be  the 
specification  of  parameters  that  ensure  shakedown  and  avoid  ratcheting. 

The  next  challenge  for  MMCs  concern  the  quantification  of  transitions 
in  fatigue  behavior,  esp^ially  those  found  at  higher  temperatures.  These 
include  multiple  matrix  cracking  and  shear  band  formation.  Experimental 
studies  are  in  progress  which  will  be  used  to  establish  a  mechanism  map. 
The  map,  when  developed,  would  explicitly  identify  the  transitions  (Zok).  The 
analogous  behavior  found  in  CMCs  will  facilitate  this  development.  Other 
high  temperature  phenomena  to  be  explored  include  changes  in  the 
interfacial  sliding  behavior  due  to  both  relaxations  in  the  thermal  residual 
stresses  and  the  growth  of  reaction  products  near  the  fiber-matrix  interface. 


Fatigue  damage  studies  on  2-D  CMCs  will  focus  on  interface  and  fiber 
degradation  phenomena,  especially  at  elevated  temperatures  (Evans.  Zok). 
Cyclic  loading  into  the  stress  range  at  which  matrix  cracks  exist  is  known  to 
modify  the  interface  sliding  stress  and  may  weaken  the  fibers.  These 
degradation  effects  can  be  distinguished,  because  they  change  the 
hysteresis  loop  and  reduce  the  UTS.  respectively.  Experiments  that  probe 
these  material  responses  are  planned.  In  addition,  models  that  include  tire 
influence  of  cyclic  fiber  failure  and  pull-out  on  fatigue  damage  will  be 
developed  (Suo). 

2.2  Matrix  Cracking 

Models  of  the  plastic  strain  and  modulus  changes  caused  by  various 
modes  of  matrix  cracking  have  been  developed.  These  solutions  have 
provided  a  rationale  for  experimental  studies  on  the  tensile  and  shear 
behavior  of  CMCs  and  on  the  fatigue  of  MMCs  (Hutchinson.  Zok.  Evans. 
Suo,  Budiansky,  McMeeking).  The  information  has  been  used  in  two  distinct 
ways,  (i)  Test  methodologies  have  been  devised  that  relate 
stress/displacement  measurements  to  constituent  properties  (Table  I). 
(ii)  Stress/strain  curves  and  matrix  crack  evolution  have  been  simulated  for 
specific  combinations  of  constituent  properties. 

The  development  of  the  procedures  and  their  implementation  are  still  in 
progress.  Independent  solutions  have  been  established  for  matrix  cracks  in 
0°  plies  and  90°  plies  upon  tensile  loading.  The  former  has  been 
experimentally  validated  on  1-D  materials  (SiC/SiC  and  SiC/CAS). 
Measurements  of  plastic  strain,  hysteresis  loops  and  crack  densities  have 
been  checked  a  linst  the  models  for  consistency. 


TABLE  I 


Relevant  Constituent  Properties  and  Measurement  Methods 


CONSTITUENT  PROPERTY 

MEASUREMENT 

Sliding  Stress,  T 

•  Pull-Out  Length,  h 

•  Saturation  Crack  Spacing.  Ts 

•  Hysteresis  Loop,  5  £  i  /2 

•  Unloading  Modulus.  El 

Characteristic  Strength,  Sc.  m 

•  Fracture  Mirrors 

•  Ultimate  Strength.  S 

Misfit  Strain.  Q.  (q) 

•  Bilayer  Distortion 

•  Permanent  Strain,  £p 

•  Residual  Crack  Opening 

Matrix  Fracture  Energy,  rm 

•  Monolithic  Material 

•  Saturation  Crack  Spacing.  Ts 

•  Matrix  Cracking  Stress,  dme 

Debond  Energy,  ft 

•  Permanent  Strain.  £p 

•  Residual  Crack  Opening 

The  next  challenge  is  to  couple  the  models  together  in  order  to  simulate 
the  evolution  of  matrix  cracks  in  2-D  materials,  subject  to  tensile  loading 
(Hutchinson.  Budianskv).  Related  effects  on  the  ultimate  tensile  strength 
caused  by  stress  concentrations  in  the  fibers  in  the  presence  of  matrix 
cracks,  would  also  be  evaluated.  Experimental  measurements  of 
stress/strain  behavior  in  2-D  CMCs.  with  concurrent  observations  of  matrix 
crack  evolution,  would  be  used  to  guide  and  validate  such  models  (Evans, 
Kedward). 

2.3  Constitutive  Equations 

Constitutive  equations  proride  the  link  between  material  behavior  at 
the  meso-scale  and  the  performance  of  engineering  components.  The 
equations  can  be  established  from  the  results  of  uniaxial  and  transverse 
tensile  tests  together  with  in-plane  shear  loading.  For  a  complete 
formulation,  which  describes  accurately  the  growth  of  failure  mechanisms 
and  the  conditions  of  failure  at  the  meso-scale,  it  is  also  necessary  to 
perform  calculations  which  are  valid  at  the  micro-scale. 

These  procedures  have  been  completed  for  metal-matrix  composites 
(Jansson,  Leckie),  and  the  resulting  constitutive  equations  are  operational 
in  the  ABAQUS  finite  element  code.  The  behavior  of  simple  panels 
penetrated  by  circular  holes  have  been  studied  and  the  results  await 
comparison  with  experiments  which  are  planned  for  the  coming  year.  The 
constitutive  equations  are  formulated  in  terms  of  state  variables  which 
include  the  hardening  tensors  and  damage  state  variables  which  describe 
debonding  at  the  interface  and  void  growth  in  the  matrix.  The  format  is 
sufficiently  general  to  allow  the  inclusion  of  failure  mechanisms  such  as 
environmental  attack  as  the  appropriate  understanding  is  available.  For 
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example,  the  effect  of  matrix  and  fiber  creep  mechanisms  (Aravas)  have  also 
been  introduced  into  ABAQUS,  and  it  is  proposed  to  extend  the  creep 
conditions  to  include  the  effects  of  variable  loading  and  temperature. 

A  similar  approach  has  been  taken  towards  the  modulus  of  CMCs.  In 
this  case,  efforts  have  been  made  to  include  the  influence  of  matrix 
cracking,  in-plane  shearing  and  fiber  breakage.  The  latter  consideration  is 
based  on  the  global  load  sharing  model  (Hayhurst).  The  equations  are  also 
available  in  ABAQUS.  At  present,  matrix  cracking  is  introduced  by 
assuming  a  matrix  stress  accompanied  by  an  increase  of  strain.  However, 
based  on  the  more  recent  understanding  of  the  growth  of  matrix  cracks 
(above)  it  is  intended  to  introduce  these  mechanisms  into  the  constitutive 
equations  for  CMCs. 

2.4  Creep 

The  emphases  of  the  creep  investigations  have  been  on  the  anisotropic 
characteristics  of  unidirectional  layers  in  which  the  fibers  are  elastic,  but 
the  matrix  creeps.  Experiments  and  models  of  the  longitudinal  creep 
properties  of  such  materials  have  been  initiated  (McMeeking,  Leckie,  Evans, 
Zok,  Aravas).  The  critical  issues  in  this  orientation  concern  the  incidence  of 
fiber  failure  and  the  subsequent  sliding  response  of  the  interface.  A 
modelling  effort  has  established  an  approach  that  allows  the  stochastic 
evolution  of  fiber  failure  to  occur  as  stress  is  transferred  onto  the  fibers  by 
matrix  creep  (McMeeking).  This  approach  leads  to  creep  rates  with  a  large 
power  law  exponent.  Various  attempts  are  underway  to  incorporate  the 
interface  sliding  initiated  by  fiber  breaks  and  to  introduce  sliding  into  the 
creep  rate  formulation.  Experiments  being  performed  on  unidirectional  Ti 
matrix  materials  are  examining  the  incidence  of  fiber  failures  on  the  creep 
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deformation  (Evans.  Leckie,  Zok).  These  results  will  guide  the  modelling 
effort  concerned  with  interface  sliding  effects.  Insight  will  also  be  gained 
about  fiber  failure  stochastics  during  creep,  especially  differences  from  room 
temperature  behavior. 

The  transverse  creep  properties  are  expected  to  have  direct  analogies 
with  composite  deformation  for  a  power  law  hardening  matrix  (Section  2.3). 
In  particular,  the  same  effects  of  debonding  and  matrix  damages  arise  and 
can  be  incorporated  in  an  equivalent  manner  (Leckie.  Aravas).  Testing  is 
being  performed  on  Ti  MMCs  and  on  SiC/CAS  to  validate  the  models. 

Experiments  on  Ti-matrix  Cf/90‘  cross-ply  composites  are  planned. 
Creep  models  appropriate  to  cross-ply  materials  will  be  developed  by 
combining  those  corresponding  to  the  unidirectional  materials  in  the 
longitudinal  and  transverse  orientations,  using  a  rule-of-mixtures  approach. 
Such  an  approach  is  expected  to  be  adequate  for  loadings  in  which  the 
principal  stresses  coincide  with  the  fiber  axes.  Alternate  approaches  will  be 
sought  to  describe  the  material  response  in  other  orientations. 

Some  CMCs  contain  fibers  that  creep  more  extensively  than  the  matrix. 
This  creep  deformation  has  been  found  to  elevate  the  stress  in  the  matrix 
and  cause  time  dependent  evolution  of  matrix  cracks.  This  coupled  process 
results  in  continuous  creep  deformation  with  relatively  low  creep  ductility. 
Experiments  on  such  materials  are  continuing  (Evans.  Leckie)  and  a 
modelling  effort  will  be  initiated  (Suo).  The  models  would  include  load 
transfer  into  the  matrix  by  creeping  fibers,  with  sliding  interfaces,  leading  to 
enhanced  matrix  cracking. 
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2.5  Tensile  Strength 


The  ultimate  strength  (UTS)  of  both  CMCs  and  MMCs  (as  well  as  fatigue 
and  creep  thresholds)  is  dominated  by  fiber  failure.  With  the  global  load 
sharing  (GLS)  concept  of  fiber  failure  now  well  established,  the  recent 
emphasis  has  been  on  defining  the  constituent  properties  needed  to  ensure 
GLS.  The  approach  has  been  to  perform  local  load  sharing  calculations  and 
then  compare  experimental  UTS  data  with  the  GLS  predictions  (Curtin. 
Evans,  Leckie).  The  situation  is  unresolved.  However,  initial  calculations  on 
CMCs  (Curtin)  and  MMCs  (Evans)  have  provided  some  insight.  Two  key 
remaining  issues  concern  the  magnitude  of  the  stress  concentration  in 
intact  fibers  caused  by  matrix  cracks  and  the  role  of  fiber  pull-out  in 
alleviating  those  stresses.  Calculations  of  these  effects  are  planned 
(Budiansky,  Suo). 

Degradation  of  the  fiber  strength  upon  either  high  temperature  (creep) 
testing,  atmospheric  exposure,  or  fatigue  are  other  topics  of  interest. 
Rupture  testing  performed  under  these  conditions  will  be  assessed  in  terms 
of  degradation  in  fiber  properties. 


3.  DESIGN  TEAMS 
3.1  The  Approach 

The  overall  philosophy  of  the  design  effort  is  to  eventually  combine 
material  models,  with  a  materials  selector,  and  a  data  base,  within  a  unified 
software  package  (Prinz).  One  example  of  a  composites  data  base  is  that 
developed  for  MMCs  by  KAMAN  Sciences,  which  forms  the  basis  for  a 
potential  collaboration.  The  materials  selector  has  already  been  developed 
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for  monolithic  materials  (Ashby)  and  is  available  for  purchase.  This  selector 
requires  expansion  to  incorporate  phenomena  that  have  special  significance 
for  high  temperature  composites,  including  creep  and  thermal  fatigue.  These 
new  features  will  be  developed  and  included  in  the  advanced  selector 
software  (Ashby). 

The  modelling  approach  is  illustrated  in  Table  II.  Failure  mechanisms 
and  their  effect  on  material  behavior  have  been  introduced  into  constitutive 
equations.  The  stress,  strain  and  damage  fields  which  develop  in 
components  during  the  cycles  of  loading  and  temperature  can  then  be 
computed.  Experiments  shall  be  performed  on  simple  components  such  as 
holes  in  plates,  and  comparison  made  with  the  computational  predictions. 
Since  constitutive  equations  are  modeled  using  the  results  of  coupon  tests, 
it  is  likely  that  additional  failure  modes  shall  come  to  light  during 
component  testing.  These  mechanisms  shall  be  studied  and  the  appropriate 
mechanics  developed  so  that  their  influence  is  correctly  factored  into  the 
constitutive  equations.  In  this  way,  increased  confidence  in  the  reliability  of 
the  constitutive  equations  can  be  established  in  a  systematic  way. 

In  practice,  it  is  most  probable  that  the  constitutive  equations  are  too 
complex  for  application  at  the  creative  level  of  the  design  process.  It  is  then 
that  simple  but  reliable  procedures  are  of  greater  use.  Some  success  has 
been  achieved  in  this  regs  -d  for  MMCs  subjected  to  cyclic  mechanical  and 
thermal  loading  (Jansson,  Ponter.  Leckie).  as  well  as  for  strength 
calculations  of  CMC  panels  penetrated  by  holes  (Suo)  and  the  fatigue  of 
MMCs  (Zok,  McMeeking).  In  all  cases  simplifications  are  introduced  after  a 
complete  and  reliable  analysis  has  been  completed  which  provides  a 
standard  against  which  the  effects  of  simplification  can  be  assessed. 


3.2  Ceramic  Matrix  Composite  Design 

The  design  effort  on  CMCs  will  have  its  major  focus  on  pin-loaded  holes 
used  for  attachments  (Fig.  3).  A  smaller  activity,  expected  to  expand  in 
1994,  will  address  delamination  cracking.  The  hole  design  includes  several 
related  topics.  Each  topic  is  concerned  with  aspects  of  constitutive  lawr 
development  (Table  III),  highlighted  during  the  study  group.  Combined 
experimental  and  modelling  efforts  on  the  tensile  properties  of  CMC.  have 
established  that  the  plastic  strains  are  dominated  by  matrix  cracks  in  the  0° 
plies.  The  matrix  cracking  models  developed  in  the  program  demonstrate 
that  these  strains  are  governed  by  four  independent  constituent  properties 
[(Table  I)  T,  Fj,  Q  and  rm]  which  combine  and  interrelate  through  five  non- 
dimensional  parameters  (Table  IV).  This  modelling  background  suggests  a 
concept  for  using  model-based  knowledge  to  develop  constitutive  laws.  The 
following  steps  are  involved  (Table  III),  (i)  A  model-based  methodology  for 
inferring  the  constituent  properties  of  unidirectional  CMCs  from 
macroscopic  stress/strain  behavior  has  been  devised  and  is  being 
experimentally  tested  on  a  range  of  materials  (Evans),  (ii)  Upon  validation, 
the  models  would  allow  stress/strain  curves  to  be  simulated  (Hutchinson). 
This  capability  would  facilitate  a  sensitivity  study  to  be  performed,  in  order 
to  determine  the  minimum  number  of  independent  parameters  that 
adequately  represent  the  constitutive  law.  A  strictly  empirical  law  would 
require  3  parameters  (yield  strength,  hardening  rate  and  unloading 
modulus).  Consequently,  the  objective  might  be  to  seek  3  combinations  of 
the  4  constituent  properties,  (iii)  Experiments  would  be  performed  and 
models  developed  that  establish  the  matrix  cracking  sequence  in  2-D 
materials  (Hutchinson,  Evans,  Kedward).  These  would  be  conducted  on 
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CMCs  with  a  range  of  different  constituent  properties  and  fiber 
architectures.  The  plastic  strains  would  be  related  to  constituent  properties 
by  adapting  the  1-D  models. 

The  in-plane  shear  behavior  will  be  characterized  by  performing 
experiments  and  developing  models  of  matrix  cracking  that  govern  the 
plastic  shear  strain  in  2-D  CMC  (Evans,  Hutchinson,  Bao).  The  information 
will  be  used  to  establish  the  constitutive  laws  for  in -plane  shear,  as  well  as 
interlaminar  shear.  For  continuity  of  interpolation  between  tension  and 
shear,  the  shear  models  will  include  the  same  constituent  properties  as 
those  used  to  represent  the  tensile  behavior. 

The  model-based  constitutive  laws,  based  on  matrix  damage,  will  be 
built  into  a  CDM  (continuum  damage  mechanics)  formulation,  compatible 
with  finite  element  codes  (Hayhurst).  Computations  will  be  performed  to 
explore  stress  redistribution  around  holes  and  other  strain  concentration 
sites.  The  calculations  will  establish  visualizations  of  stress  evolution  that 
can  be  compared  with  experimental  measurements  performed  using  the 
SPATE  method,  as  well  as  by  Moire  interferometry  (Mackin,  Evans).  These 
experiments  will  be  on  specimens  with  notches  and  holes,  loaded  in  tension. 
The  comparisons  between  the  measured  and  calculated  stress  patterns  will 
represent  the  ultimate  validation  of  the  constitutive  law.  The  composite 
codes,  when  validated,  will  be  made  available  to  industry. 

Some  preliminary  experimental  work  will  be  performed  on  pin-loaded 
holes.  Damage  patterns  will  be  monitored  and  stress  redistribution  effects 
assessed  using  SPATE  (Kedward,  Evans,  Mackin).  These  experiments  will  be 
conducted  on  SiC/CAS  and  SiC/C.  The  results  will  provide  the  focus  for 
future  CDM  computations,  based  on  the  constitutive  law  for  the  material. 


Smaller  scale  activities  will  involve  basic  aspects  of  stress  redistribution 
around  holes  caused  by  fatigue  and  creep  damage,  using  the  experience 
gained  from  the  matrix  cracking  studies.  Some  experimental  measurements 
of  these  effects  will  be  performed  using  SPATE  (Zok.  Evans). 

Some  delamination  crack  growth  measurements  and  calculations  are 
also  envisaged  (Ashby.  Kedward.  Hutchinson).  Cantilever  beam  and 
C-specimens  will  be  used  for  this  purpose  (Fig.  4).  During  such  tests,  crack 
growth,  multiple  cracking  and  stiffness  changes  will  be  addressed.  Models  of 
bridging  by  inclined  fibers  will  be  developed  (Ashby)  and  used  for 
interpretation. 

3.3  Metal  Matrix  Composite  Design 

The  3D  constitutive  equations  for  MMCs  are  now  available  for  use  in 
the  ABAQUS  finite  element  code,  and  the  immediate  task  is  to  use  these 
equations  to  predict  the  behavior  of  representative  components  (Leckie).  One 
such  system  is  a  ring-type  structure  which  is  being  studied  together  with 
Pratt  and  Whitney.  Clearly  no  experimental  verification  is  possible  with  a 
component  of  this  scale,  but  the  experience  of  Pratt  and  Whitney  shall 
provide  invaluable  input  on  the  effectiveness  of  the  calculations.  A 
component  sufficiently  simple  to  be  tested  is  the  panel  penetrated  by  holes. 
The  holes  shall  be  both  unloaded  and  loaded  (Jansson),  and  it  is  expected  to 
include  the  effects  of  cyclic  mechanical  and  thermal  loading. 

It  is  proposed  to  develop  simplified  procedures  which  are  based  on 
shakedown  procedures  (Jansson,  Leckie).  Demonstrations  have  already 
been  made  of  the  effectiveness  of  the  Gohfeld  method  (which  uses  only 
simple  calculations)  in  representing  the  behavior  of  MMCs  subjected  to 
cyclic  thermal  loading. 
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During  the  complex  histories  of  stress  and  temperature,  i*  is  known 
that  the  matrix-fiber  interface  properties  change.  Fatigue  loading  (Zok)  is 
know  to  decrease  the  interface  sliding  stress.  Transverse  creep  appears  to 
cause  matrix-fiber  debonding  (Jansson).  which  might  result  in  loss  of  the 
ability  to  transfer  stress  between  matrix  and  fiber.  It  is  intended  to  study 
this  effect  of  transverse  creep  on  the  integrity  of  the  longitudinal  strength  of 
the  material  by  performing  tests  on  panels  which  shall  allow  rotation  of  the 
stress  fields.  A  good  understanding  now  exists  of  the  fatigue  properties  of 
MMCs  (Zok).  It  is  intended  to  extend  the  ideas  developed  from  earlier 
theoretical  studies  (McMeeking.  Evans)  to  include  cyclic  thermal  effects  and 
experimental  programs  on  holes  in  plates. 


4.  MANUFACTURING 

The  activities  in  processing  and  manufacturing  have  had  the  following 

foci: 

•  Matrix  development  to  address  specific  requirements  identified  by  the 
design  problems,  particularly  first  matrix  cracking  in  CMCs  (Lange) 
and  creep  strengthening  in  MMC/IMCs  (Levi.  Lucas). 

•  Hybrid  architectures  which  offer  possible  solutions  to  environmental 
degradation  and  thermal  shock  problems  (Evans.  Lange.  Leckie.  Levi. 
Yang.  Zok). 

•  Software  development  that  predicts  and  controls  fiber  damage  and 
interface  properties  during  densification  (Wadley). 

•  Processing  techniques  to  generate  model  MMC  sub-elements  (Leckie. 
Levi,  Yang). 
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4.1  Metal  Matrix  Composites 

Work  on  MMC  matrix  development  has  focused  on  dispersion 
strengthening  approaches  to  increase  the  transverse  tensile  and  creep 
strength  of  1-D  and  2-D  fiber  architectures.  The  initial  work  has  emphasized 
a  model  system.  CU/AI2O3,  wherein  dispersoids  are  produced  by  internal 
oxidation  of  a  dilute  Cu-Al  alloy  deposited  by  PVD  onto  sapphire  fibers. 
These  are  subsequently  consolidated  by  HIP'ing.  Specimens  with  fiber 
volume  fractions  of  0.3  <  f  <  0.5  and  2-3%  Y-AI2O3  dispersoids  (-  20  nm  in 
size)  have  been  produced  in  this  manner  and  will  be  tested  to  assess  their 
transverse  creep  behavior.  The  new  emphasis  will  be  on  higher  temperature 
matrices  based  on  TiB  dispersoids  in  Ti-(Cr/Mo)-B  alloys  (Levi).  Initial 
solidification  studies  have  demonstrated  the  potential  of  these  materials  as 
in-situ  composites.  Efforts  are  underway  to  develop  sputtering  capabilities  to 
implement  this  concept. 

Fiber  damage  during  densification  of  composite  prepregs  generated  by 
plasma-spray  (GE)  and  PVD  (3M)  have  also  been  emphasized  (Wadley). 
Interdiffusion  studies  coupled  with  push-out  tests  have  been  used  to  study 
the  evolution  of  reaction  layers  in  Ti/SiC  composites  and  their  effect  on  the 
relevant  interfacial  properties  as  a  function  of  process  parameters. 
Additional  efforts  under  other  programs  have  focused  on  developing 
predictive  models  for  fiber  breakage  during  densification.  The  interdiffusion 
and  breakage  models  are  being  incorporated  into  software  that  predicts 
pressure-temperature  paths,  which  simultaneously  minimize  fiber  damage 
and  control  the  interface  properties. 

The  feasibility  of  producing  MMC  sub-elements  consisting  of  fiber 
reinforced  rings  (1-D)  and  tubes  (2-D)  has  been  demonstrated  by  using 
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liquid  metal  infiltration  of  Al  alloy  matrices  (Levi).  These  are  presently 
undergoing  testing  in  combined  tension/torsion  modes.  Future  efforts  will 
be  directed  toward  extending  the  technique  to  other  shapes  (e.g..  plates  with 
reinforced  holes),  as  well  as  devising  methods  to  modify  the  (currently 
strong)  interfaces.  The  identification  of  methods  that  provide  the  appropriate 
interfacial  debonding/sliding  characteristics  should  enable  the  use  of  these 
composites  as  model  systems  for  higher  temperature  MMCs,  such  as  Ti. 

4.2  Intermetallic  Matrix  Composites 

The  focus  of  the  IMC  processing  activities  has  been  on  the  synthesis  of 
MoSi2/(3-SiCp  composites  by  solidification  processing.  These  materials  are  of 
interest  as  potential  matrices  for  fiber  composites.  Significant  progress  was 
made  in  the  elucidation  of  the  relevant  Mo-Si-C  phase  equilibria,  the  growth 
mechanisms  of  SiC  from  the  melt  and  their  impact  on  reinforcement 
morphology,  as  well  as  the  orientation  relationships  between  matrix  and 
reinforcements,  and  the  interfacial  structure.  An  amorphous  C  layer.  <5  nm 
thick,  was  found  at  the  MoSi2/SiC  interface  in  the  as  cast  condition,  and 
persisted  after  12  h  heat  treatments  at  1500°C.  This  interfacial  layer  has 
been  reproduced  in  a-SiCp/{MoSi2  +  C)  composites  produced  by  powder 
metallurgy  techniques  and  was  found  to  exhibit  promising  debonding  and 
pull-out  behavior  during  fracture  (Levi).  Future  efforts  are  aimed  at 
implementing  this  in-situ  coating  concept  in  a-SiC  fiber  composites. 

4.3  Ceramic  Matrix  Composites 

The  processing  issues  for  creating  CMCs  with  high  matrix  strength 
continue  to  be  explored  (Lange.  Evans).  The  basic  concept  is  to  create  a 
strong  ceramic  matrix  framework  within  a  fiber  preform,  by  means  of  slurry 
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infiltration  followed  by  heat  treatment.  This  strong  framework  would  then  be 
infiltrated  by  a  polymer  precursor  and  pyrolyzed  to  further  densify  the 
matrix.  It  has  been  demonstrated  that  strong  matrices  of  Si3N74  can  be 
produced  using  this  approach  (Lange).  Further  work  will  address 
relationships  between  matrix  strength  and  microstructure  (Lange.  Evans). 

4.4  Hybrids 

These  activities  cover  materials  consisting  of  thin  monolithic  ceramic 
layers  alternatir  »th  layers  containing  high  strength  fibers  bonded  by  a 
glass  or  metallic  binder.  The  primary  motivation  behind  this  concept  is  the 
potential  for  manufacturing  shapes  that  have  a  high  resistance  to 
environmental  degradation  and  also  have  good  thermal  shock  resistance. 
The  concept  has  been  demonstrated  using  alumina  plates  and  graphite 
reinforced  polymer  prepregs  (Lange).  The  availability  of  glass-ceramic 
bonded  SiCf  prepregs  and  tape-cast  SiC  plates  has  facilitated  the  extension 
of  this  technique  to  high  temperature  systems  (Lange).  Future  assessment 
will  address  new  crack  control  concepts.  These  concepts  would  prevent 
damage  from  propagating  into  the  fiber  reinforced  layers,  especially  upon 
thermal  loading  (Zok,  Lange).  If  successful,  this  concept  would  allow  the 
development  of  hybrid  CMCs  which  impart  resistance  to  environmental 
degradation,  as  well  as  high  thermal  strain  tolerance. 

Preliminary  work  has  been  performed  on  laminates  consisting  of 
alumina  plates  and  sapphire -fiber  reinforced  Cu  monotapes  (Levi).  The  latter 
are  produced  by  deposition  of  Cu  on  individual  fibers  which  are 
subsequently  aligned  and  bonded  by  hot  pressing  between  two  Cu  foils. 
After  suitable  surface  preparation,  the  alumina/monotape  assemblies  are 


bonded  by  hot  pressing.  Future  work  is  aimed  at  implementing  the  concept 
with  Ni  based  alloys. 


5.  SENSORS 

The  principal  challenge  being  addressed  is  the  non-destructive  and 
non-evasive  measurement  of  stresses  in  composites  (Clarke,  Wadley).  The 
motivation  is  to  make  detailed  measurements  of  stresses  in  components  for 
incorporation  into  evolving  design  models,  as  well  as  validation  of  the  stress 
distributions  computed  by  finite  element  methods.  A  major  emphasis  has 
been  placed  on  measuring  the  residual  stresses  in  sapphire  fibers  in  various 
matrices,  using  the  recently  developed  technique  of  optical  fluorescence 
spectroscopy.  These  measurements  have  provided  data  on  the  distribution 
of  residual  thermal  stresses  in  the  fiber  reinforcement,  as  a  function  of 
depth  below  the  surface.  This  approach  will  be  extended,  in  conjunction 
with  finite  element  modelling  (Hutchinson),  to  measure  the  stresses  during 
the  process  of  fiber  pull-out  from  a  variety  of  metal  and  ceramic  matrices. 
Initial  experiments  indicate  that  such  in-situ  measurements  are  feasible. 

The  technique  will  also  be  applied  to  the  measurement  of  the  stresses 
in  sapphire  fibers  located  in  the  vicinity  of  pin-loaded  holes  in  order  to 
understand  the  manner  in  which  the  stresses  redistribute  during  loading.  It 
is  anticipated  that  this  measurement  will  provide  information  about  the 
detailed  fiber  loadings  and  also  about  the  stresses  that  cause  debonding  of 
the  fibers  from  the  matrix.  Moreover,  in  support  of  the  activities  on  thermal 
ratcheting,  the  redistribution  of  stresses  with  thermal  cycling  will  be 
established.  This  will  be  accomplished  by  using  the  fluorescence  technique 
as  well  as  Moire  interferometry,  based  on  lithographically  defined  features. 
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NOMENCLATURE 


aj  parameters  found  in  the  paper  by  Hutchinson  and  Jensen21 
ac  length  of  unbridged  matrix  crack 

bj  parameters  found  in  the  paper  by  Hutchinson  and  Jensen21 
Cj  parameters  found  in  the  paper  by  Hutchinson  and  Jensen21 
/  fiber  volume  fraction 

fiber  volume  fraction  in  loading  direction 
h  mean  fiber  pull-out  length 
Up  plastic  zone  size 
8.  mean  matrix  crack  spacing 
£s  mean  saturation  crack  spacing 
m  shape  parameter  for  fiber  strength  distribution 
q  residual  stress  in  matrix  in  axial  orientation 
t  ply  thickness 
2w  plate  width 

E  Young's  modulus  of  composite 

E*  Young's  modulus  of  material  with  matrix  cracks 

E/  Young's  modulus  of  fiber 

El  ply  modulus  in  longitudinal  orientation 

Em  Young’s  modulus  of  matrix 

El  ply  modulus  in  longitudinal  orientation 

Es  secant  modulus 

Ej  ply  modulus  in  transverse  orientation 
El  unloading  modulus 
Et  tangent  modulus 
L  mean  crack  spacing  in  90°  plies 

Lg  gauge  Iength 
L0  reference  length 

R  fiber  radius 
S  tensile  strength 
Sc  characteristic  fiber  strength 
S0  scale  factor  for  fiber  strength 
Sp  pull-out  'strength' 

Su  UTS  subject  to  global  load  sharing 
S»  tensile  strength  in  presence  of  a  flaw  or  notch 
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T  shear  strength 


a  compliance  coefficient 
(3  residual  stress  coefficient 
y  shear  strain 
8  displacement 
Sc  characteristic  length 
8e  hysteresis  loop  width 
£  strain 
£  e  elastic  strain 
£  p  permanent  strain 

£  *  contribution  to  permanent  strain  caused  by  matrix  cracks 
V  Poisson’s  ratio  (assumed  to  be  the  same  for  fiber  and  matrix) 
X  pull-out  coefficient 
G  stress 

<JR  residual  stress  in  0/90  material  along  fiber  axis 

Ox  lower  bound  stress  for  tunnel  cracking 

0j  debond  stress 

Omc  matrix  cracking  stress 

G0  stress  acting  on  0°  plies  in  a  2-D  material 

Op  peak  stress 

<TS  saturation  stress 

0-p  misfit  stress 

X  interface  sliding  resistance 

X  matrix  cracking  coefficient 

r  fracture  energy 

H  interface  debond  energy 

T0  dissipation  associated  with  traction  law 

Tm  matrix  fracture  energy 

Q  misfit  strain 
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ABSTRACT 


A  methodology  for  the  straightforward  and  consistent  evaluation  of  the 
constituent  properties  of  CMCs  is  summarized,  based  on  analyses  from  the  literature. 
The  results  provide  a  constitutive  law  capable  of  simulating  the  stress/strain  behavior 
of  these  materials.  The  approach  is  illustrated  using  data  for  two  CMCs:  SiC/CAS  and 
SiC/SiC.  The  constituent  properties  are  also  used  as  input  to  mechanics  procedures  that 
characterize  stress  redistribution  and  predict  the  effect  of  strain  concentrations  jn 
macroscopic  performance. 
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1.  INTRODUCTION 


For  the  structural  application  of  ceramic  matrix  composites  (CMCs),  it  is  necessary 
to  have  a  methodology  that  prescribes  the  influence  of  strain  concentrations,  such  as 
notches,  on  tensile  properties.  Ideally,  this  methodology  should  have  explicit 
connections  to  the  constituent  properties  (fibers,  matrix,  interface),  such  that  efficient 
design  procedures  can  be  implemented.  This  article  contributes  toward  this  objective  by 
surveying  the  tensile  properties  of  CMCs  and  the  mechanisms  that  govern  their 
properties,  in  a  manner  that  leads  to  a  methodology  for  relating  macroscopic  behavior 
to  constituent  properties.  A  mechanics  approach  that  addresses  the  influence  of  strain 
concentrations  is  then  summarized  and  compared  with  preliminary  experimental 
results. 

CMCs  usually  have  substantially  lower  notch  sensitivity  than  monolithic  brittle 
materials1-4  and,  in  several  cases,  exhibit  notch  insensitive  behavior.5'7  This  desirable 
characteristic  of  CMCs  arises  because  the  material  may  redistribute  stresses  around  strain 
concentration  sites.  There  are  two  fundamental  mechanisms  of  stress  redistribution:8'12 
(i)  distributed  matrix  cracking  and  (ii)  fiber  failure  involving  pull-out.  An  understanding 
of  these  effects  provides  a  basis  for  devising  a  methodology  to  characterize  and  predict 
properties.  In  most  CMCs,  the  Linear  Elastic  Fracture  Mechanics  (LEFM)  methodology 
successfully  devised  for  metals  cannot  be  used,2'8'12"14  because  failure  does  not  occur  by 
the  propagation  of  a  dominant  mode  I  crack.  Alternative  mechanics  are  needed,  based 
on  the  actual  mechanisms  of  failure.  A  more  relevant  mechanics  is  that  based  on  the 
Large-Scale  Bridging  of  matrix  cracks  by  fibers8'13"15  (LSBM).  However,  even  LSBM  is 
inadequate.  It  must  be  augmented  by  Continuum  Damage  Mechanics  (CDM)16  in  order 
to  establish  a  rigorous  methodology. 

The  basic  approach  has  the  following  features.  An  informed  background  needed 
for  progress  is  provided  by  experimental  results  used  in  conjunction  with  models  of 
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matrix  cracking  and  fiber  failure.  The  matrix  cracking  and  fiber  failure  observations  are 
conducted  on  2-D  materials  in  tension  and  shear.  Large-Scale  Bridging  Mechanics  are 
used  to  rationalize  the  observed  damage  mechanisms.  The  tensile  properties  measured 
in  the  presence  of  holes  and  notches,  when  combined  with  damage  observations, 
establish  the  mechanics  approach  needed  to  rationalize  the  influence  of  strain 
concentrations. 

The  strategy  is  facilitated  by  devising  mechanism  maps  that  use  non-dimensional 
parameters,  which  combine  the  basic  constituent  properties  listed  on  Table  I  in 
mechanistically  relevant  ways.  A  list  of  these  parameters  is  presented  in  Table  II.  The 
most  successful  methodology  will  be  that  using  the  minimum  number  of  constituent 
properties  needed  to  represent  the  constitutive  behavior.  At  mechanism  transitions,  the 
mechanics  needed  to  characterize  composite  behavior  often  change.12-17 


2.  BASIC  RESULTS  FOR  1-D  MATERIALS 
2.1  Phenomenology 

Models  for  a  range  of  damage  phenomena  found  in  1-D  CMCs,  have  been 
established  and  validated  by  experiment.1 8-40  These  models  provide  the  basis  upon 
which  the  behavior  of  2-D  and  3-D  CMCs  can  be  addressed.  The  underlying 
phenomenology  involves  matrix  cracking  and  fiber  failure.  Matrix  cracks  form  first  and 
interact  with  predominantly  intact  fibers,2-1^  subject  to  interfaces  that  debond,  at 
energy  Fj,  and  then  slide  at  a  constant  shear  stress,  T  .t  This  process  commences  at  a 
lower  bound  stress,  Omc.  The  crack  density  increases  with  increase  in  stress  above  <Tmc 
and  may  eventually  attain  a  saturation  spacing,  ls.  The  details  of  crack  evolution  are 
governed  by  the  distribution  of  matrix  flaws.  The  matrix  cracks  reduce  the  elastic 

f  More  rigorous  debonding  and  sliding  behaviors  have  been  analyzed, J!  but  have  not  vet  been  found 
necessary  for  the  derivation  of  useful  constitutive  laws. 
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modulus,  E,  cause  hysteresis  in  the  presence  of  sliding  interfaces,  and  also  induce  a 
permanent  strain,  £p.  These  matrix  cracking  effects  are  schematically  illustrated  in 
Fig.  1.  The  intent  is  to  relate  these  quantities  to  the  constituent  properties  (Table  I) 
through  non-dimensional  parameters  (Table  II). 

The  matrix  cracks  may  enhance  the  stress  on  the  fibers  and  encourage  fiber 
failure.8'15  However,  when  a  fiber  fails,  the  stress  does  not  reduce  to  zero  everywhere 
along  that  fiber.  Load  transfer  can  still  occur  through  the  sliding  stress,  T,  even  though 
the  matrix  has  many  cracks.25*27  As  a  result,  the  ultimate  tensile  strength  (UTS)  may 
exceed  the  value  expected  for  a  'dry  bundle'  (fibers  with  no  matrix).  Two  bounds 
appear  to  be  involved.  When  failed  fibers  and  matrix  cracks  do  not  induce  a  significant 
stress  concentration  within  intact  fibers,  global  load  sharing  (GLS)  applies.25  Then,  the 
effective  gauge  length  relevant  to  fiber  failure  is  governed  by  the  load  transfer  length. 
Consequently,  the  UTS  becomes  independent  of  the  actual  gauge  length.  Conversely, 
when  an  unbridged  segment  of  matrix  crack  exists  (because  of  processing  flaws,  etc.), 
the  stress  concentration  induced  within  the  fibers  reduces  the  UTS.8'15  In  this  case,  fiber 
pull-out  appears  to  control  the  UTS.41  Constituent  properties  that  lead  to  this  transition 
in  behavior  will  be  discussed  below. 

2.2  Matrix  Cracks 

A  summary  of  the  matrix  cracking  results  is  presented,  which  apply  to  materials 
with  relatively  small  debond  energies  (SDE).  More  complete  results  are  presented 
elsewhere.21-24  Long  matrix  cracks  interacting  with  fibers  are  subject  to  a  steady-state 
condition,  which  leads  to  a  lower  bound  cracking  stress,  given  by2'18-19 


El 


(1-f)  E^REl 


-  q/Em 


(la) 
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where  q  is  the  residual  axial  stress  in  the  matrix,  which  is  related  to  the  misfit  strain,  Q\ 
by;19 

q/E„  =  p[E,/EL(l-v)]/Q  (lb) 

with  (5  =  1.  The  first  important  non-dimensional  relationship  is  thus  (Table  II), 

<WEl  =  M*-J3Q  (lc) 

As  multiple  matrix  cracking  develops,  the  slip  zones  from  neighboring  cracks 
overlap  and  produce  a  shielding  effect.20'22  When  the  shielding  proceeds  to  completion, 
a  saturation  crack  density  results.  This  occurs  at  stress  ds,  with  an  associated  spacing,  h s, 
given  by20 

l/R  =  x[r„(l-/)!E,E„//t!ElR]K  (2a) 

The  coefficient  x  depends  on  crack  evolution:  periodic,  random,  etc.  Recent  estimates22 
indicate  that,  X  ~  1-6.  The  second  important  non-dimensional  formula  is  thus  (Table  II), 

IjK  =  x£*  (2b) 

The  actual  evolution  of  matrix  cracks  at  stresses  above  amc  is  governed  by  the  size 
and  spatial  distribution  of  matrix  flaws.  If  this  distribution  is  known,  the  evolution  can 

‘O  may  be  related  to  the  thermal  expansion  coefficients  of  fiber  a  f  and  matrix  a m  by  , 
Q.  =  (am  -  (Xf)A T,  where  AT  is  the  cooling  range,  taken  as  a  positive  quantity.  However,  in  some 
cases,  there  are  additional  contributions  from  phase  transformation,  'intrinsic'  stress,  etc. 
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be  simulated20  (Fig.  2).*  A  simple  formula  that  can  be  used  to  approximate  crack 
evolution  is9 


7  .  7  fr/*--1) 

- l] 


(3) 


Direct  application  of  Eqns.  (1)  to  (3)  requires  that  the  elastic  properties  be  known 
and,  moreover,  that  the  constituent  properties  (T,rm  and  Q)  be  independently 
measured.9'30  However,  it  would  be  more  convenient  if  a  methodology  existed  that 
related  the  constituent  properties  to  readily  measured  macroscopic  features.  With  this 
objective,  a  series  of  formulae  have  been  derived  from  basic  solutions  for  debonding 
and  sliding  at  interfaces,  as  matrix  cracks  evolve.21'24'31  Matrix  cracks  increase  the  elastic 
compliance.  Numerical  calculations  indicate  that  the  unloading  elastic  modulus,  E*,  is 
given  by31 

EjE'-l  =  (E/?)o[/,E,/E„]  (4) 

where  a  is  another  non-dimensional  function  (Fig.  3).  Initial  unloading  occurs  with 
modulus,  E‘.  However,  the  displacements  caused  by  reverse  sliding  soon  dominate.32'33 
These  lead  to  an  effective  unloading /reloading  modulus,  EL  and  generate  a  hysteresis 
loop,  width  8e.  When  the  stress  Gp  is  below  6S,  such  that  limited  slip  zone  overlap 
occurs,  the  unloading  modulus  and  the  loop  width  (Fig.  1)  are  independent  of  the  misfit 
strain,  Q,  but  relate  to  the  sliding  stress,  X  .  They  are  also  independent  of  Tj,  for 
SDE.24'32  The  unloading  modulus  is  given  by23'24'31-32 


f  In  some  cases,  small  matrix  cracks  can  form  at  stresses  below  Cfc-ic-28,29  These  occur  either  within  matrix- 
rich  regions  or  around  processing  flaws.  However,  the  non-linear  composite  properties  are  usually 
dominated  by  fully-developed  matrix  cracks  that  form  at  stresses  above  (Jmc  (Fig.  1). 
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E’/E,  =  1+tfE  */op 


(5) 


where  is  the  third  important  non-dimensional  parameter  (Table  II),  given  by 


^  =  b2(l-aj)2RaJ/4<?tEm/2  (6) 

The  width  of  the  hysterisis  loop  5e  is24'32 

5e  =  2#(o/op)[l-a/cp]  (7a) 


such  that  the  loop  width  at  half  maximum,  8  £1/2  (at  O  =  Gp/2),  is 


5eK  =  X!  2 


(7b) 


The  permanent  strain,  £p,  is  sensitive  to  the  sliding  stress  and  the  misfit,  as  well  as  the 
debond  energy.  It  is  given  by,21*24'32 

ep  =  2^[l-Ii][l-Ii  +  2ZT]  +  e'  (8) 

where  Zj  and  Zj  are  two  non-dimensional  parameters  (Table  II)  that  introduce  the 
influence  of  the  debond  energy  T,  and  the  misfit  strain  £2,  given  by21'24'32 

-  f1  =  (c2/c,)E„«/op 

_p  (9) 

-et 

0P 
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and  £*  is  the  extension  associated  with  relief  of  the  residual  stress  caused  bv  matrix 
cracks,  in  the  absence  of  interface  sliding,-"1 

£'  =  (E„fi/E)[/a,/(l-a,/)][E/E.-l]  (10) 

The  above  results  can  be  combined  to  give  an  expression  for  the  secant  modulus,  Es  24 
The  resulting  constitutive  law  may  be  used  to  simulate  stress/strain  curves.24  The 
results  may  also  be  used  to  evaluate  T ,  Tj  and  Cl,  provided  that  has  been  measured, 
as  elaborated  below. 

At  stresses  above  Os,  the  behavior  is  less  well-documented.  It  has  generally  been 
assumed  that  the  tangent  modulus  Ej  is  that  associated  exclusively  with  the  fibers,18 

H,  =  /E,  (11) 

However,  deviations  from  Eqn.  (11)  often  arise.22 

Finally,  it  is  noted  that  certain  matrices  (especially  oxides)  are  susceptible  to  stress 
corrosion  cracking.25  This  phenomenon  leads  to  time-dependent  matrix  cracking,  which 
can  occur  at  stresses  below  Gmc. 

2.3  Fiber  Failure 

Several  factors  are  important  concerning  fiber  failures  within  a  composite  matrix, 
(i)  Fibers  begin  to  fail  prior  to  the  UTS.25'27  At  the  UTS,  the  fraction  of  failed  fibers 
within  the  characteristic  length,  8C/  is  sufficient  that  the  remaining  intact  fibers  are 
unable  to  support  the  load,  (ii)  The  stochastic  nature  of  fiber  failure  dictates  that  the 
fiber  failure  sites  have  a  spatial  distribution  around  the  fracture  plane.  Consequently,  a 
frictional  pull-out  resistance  exists.  This  resistance  allows  the  material  to  sustain  load, 
beyond  the  UTS.  The  associated  pull-out  strength  Sp  is  an  important  property  of  the 
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composite,  (Hi)  When  unbridged  flaws  exist  in  the  material,  the  matrix  cracks  introduce 
stress  concentrations  "flthin  intact  fibers.  This  effect  may  lead  to  a  reduced  UTS.81? 

The  basic  stochastics  of  fiber  failure  have  identified  two  non-dimensional 
parameters:  a  characteristic  strength25-3*5 

S,  =  S„[tL„/RS„P"'  02a) 

and  a  characteristic  length 

5,  =  L0(S0R/TL„p'-'!  (12b) 

related  by 

Sc  =  t5c/R  (12c) 

When  multiple  matrix  cracking  precedes  composite  failure,  and  when  GLS  applies,  the 
UTS  is  gauge  length  independent  at  large  lengths  (Lg  >  8C).  The  UTS  is  given  by25 

Su  =  /ScF(m)  (13) 


where 


F(m)  =  [2/(m  +  2)  ]^” '  ( (m  +  l)/(m  +  2)  ] 

At  shorter  gauge  lengths  (Lg  <  5C),  the  UTS  increases  as  Lg  decreases26  (Fig.  4). 

In  principle,  it  is  possible  for  composite  failure  to  be  preceded  by  relatively  few- 
matrix  cracks,  with  GLS  still  applicable.  Then,  because  the  average  stress  on  the  fibers  is 
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lower,  the  UTS  is  predicted  to  be  higher  than  Su.  In  the  limit  wherein  only  one  matrix 
crack  has  formed,  the  UTS  (subject  to  GLS)  is 

S:  =  /ScG(m)  (14) 


where 


G(m)  =  [(5m +  l)/5m]exp[- l/(m  +  l)j 


The  spatial  distribution  of  the  fiber  failures  that  occur  upon  loading  results  in  fiber 
pull-out  on  the  matrix  fracture  plane.  The  mean  pull-out  length,  h  (for  Lg  >  8C),  has  the 
non-dimensional  form25'36 


hx/RSc  =  ?i(m) 


(15) 


There  are  two  bounding  solutions  for  the  function  X  (Fig.  5).  Composite  failure  subject 
to  multiple  matrix  cracking  gives  the  upper  bound.  Failure  in  the  presence  of  a  single  crack 
gives  the  lower  bound. 

Because  of  pull-out,  the  system  has  a  residual  strength,  Sp,  (Fig.  6a)  given  by 


Sp  =  2x/h/R 
^  2/Sc  X(m) 


(16) 


The  preceding  results  are  applicable  provided  that  there  are  no  unbridged 
segments  along  the  matrix  crack.  Unbridged  regions  concentrate  the  stress  in  the 
adjacent  fibers  and  weaken  the  composite.  The  effect  can  be  addressed  using  Large- 
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Scale  Bridging  Mechanics  (LSBM).  Simple  linear  scaling  considerations  require  that  the 
strength  S*  depend  on  a  non-dimensional  flaw  index8''15  (Table  II), 

*  =  a.S2/feLro  07) 

where  F0  is  the  area  under  the  stress /displacement  curve  for  the  bridging  fibers,  S  is  the 
fully-bridged  UTS  and  2a0  is  the  length  of  the  unbridged  segment.  The  flaw  index  A 
must  be  specified  for  each  bridging  law,  based  on  ro.  The  functional  dependence  of 
strength  S*  on  A  has  been  determined  by  numerical  analysis  for  two  limiting  cases.-17  A 
lower  bound  arises  in  the  presence  of  bridging  without  pull-out  (S  =  Su,  Sp  =  0),  with 
flaw  index8-15  (Table  II), 

A  =  3[//(l-/)f(EJEl/EL)(a„t/RS)  (18a) 

The  dependence  of  the  UTS  on  A  b  is  plotted  on  Fig.  6a.  An  upper  bound  obtains  when 
the  UTS  is  pull-out  dominated  (S  =  Sp),  with  flaw  index8-37-41  (Table  II), 

\  =  2(a„/h)(Sp/Et)  (18b) 

The  degradation  is  plotted  on  Fig.  6b.  The  behavior  between  the  bounds  has  not  been 
well-established.  It  involves  coupled  bridging  and  pull-out.  One  result37  (plotted  on 
Fig.  6a)  suggests  that  the  lower  bound  is  more  relevant  when  A  b  <  0.3,  whereas  the 
upper  bound  is  a  reasonable  approximation  when  A  b  >  1.5. 

Experimental  validation  of  the  above  results  requires  independent  measurement  of 
Sc,  and  m.  Tests  conducted  on  pristine  fibers  are  not  relevant,  because  fiber  degradation 
usually  occurs  upon  composite  processing. 1 038,42  Two  approaches  have  been  used.  One 
approach  entails  removal  of  the  matrix,  by  dissolution,1  which  is  only  feasible  if  further 
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fiber  degradation  does  not  occur.  The  second  approach  involves  fracture  mirror 
measurements  on  failed  fibers,  after  tensile  testing  of  the  composite.  10-38,39 ,42 


3.  CHARACTERISTICS  OF  2-D  MATERIALS 
3.1  Matrix  Cracking 

General  comparison  between  the  stress/ strain,  C(£),  curves  measured  for  1-D  and 
2-D  materials41  (Figs.  7  and  8)  provides  important  perspective.  It  is  found  that  C(£)  for 
2-D  materials  is  quite  closely  matched  by  simply  scaling  down  the  1-D  curve  from  S  to 
S/2.  The  behavior  of  2-D  materials  must,  therefore,  be  dominated  by  the  0°  plies,*  which 
provide  a  fiber  volume  fraction  in  the  loading  direction  about  half  that  present  in  1-D 
material. 

The  only  significant  2-D  effects  occur  at  the  initial  deviation  from  linearity.  At  this 
stage,  matrix  cracks  that  form  either  in  matrix-rich  regions  or  in  90°  plies  evolve  at 
somewhat  lower  stresses  than  cracks  in  1-D  materials.29^  However,  the  associated  non- 
linearities  are  usually  slight  and  do  not  normally  contribute  in  an  important  manner  to 
the  overall  non-linear  response  of  the  material.  For  example,  matrix  cracking  in  the  90° 
plies  often  proceeds  by  a  tunneling  mechanism9'43'44  (Fig.  9).  Tunnel  cracking  occurs 
subject  to  a  lower  bound  stress11'43-44 

=  [J~mE/gt]  —  or(El  +  Et)/2Et  (19) 

where  g  is  a  function  that  ranges  between  1/3  and  2/3.44  The  unloading  modulus 
associated  with  tunnel  cracks  is44 


*  Furthermore,  since  some  of  the  2-D  materials  are  woven,  the  S/2  scaling  infers  that  the  curvatures 
introduced  by  weaving  have  minimal  effect  on  the  stress/strain  behaviors. 
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E/E  =  h(E,/E„,/,t/L) 


(20) 


with  L  being  the  mean  crack  spacing  in  the  90°  plies.  The  function  h  varies  between  1 
and  ~  0.6  as  t/L  changes  from  ~  0  to  >  1.  The  corresponding  permanent  strain  is44 

=  (l-ETv7EL)aR/EL  (21) 

The  actual  evolution  of  cracks  at  stresses  above  Gx  depends  on  the  availability  of  flaws 
in  the  90°  plies. 

Extension  of  these  tunnel  cracks  into  the  matrix  of  the  0°  plies  results  in  behavior 
similar  to  that  found  in  1-D  material.  Moreover,  if  the  stress  Cb  acting  on  the  0°  plies  is 
known,  the  1-D  solutions  may  be  used  directly.  Otherwise,  this  stress  must  be 
estimated.  For  a  typical  0/90  system,  C0  ranges  between  a  and  2g,  depending  upon  the 
extent  of  matrix  cracking  in  the  90°  plies  and  upon  Ej/El  44  Preliminary  analysis  has 
been  conducted  below  using,  G0  =  20,  as  implied  by  the  comparison  between  1-D  and 
2-D  stress/ strain  curves  (Fig.  8).  Additional  modelling  is  required  on  this  topic. 

3.2  Fiber  Failure 

The  matrix  cracks  that  originate  in  the  90°  plies  and  extend  through  the  0°  plies 
must  induce  a  stress  concentration  in  the  fibers.  The  phenomenon  is  analogous  to  that 
considered  above  for  1-D  material  containing  unbridged  segments.  When  the  stress 
concentration  is  small,  the  UTS  should  be  given  by  Eqn.  (13),  but  with  /  replaced  by  /$. 
In  a  typical  case  (/$//  =  1/2),  the  UTS  would  be  Su/2,  consistent  with  experimental 
findings  on  several  CMCs  (Fig.  8).  In  other  cases,  the  stress  concentration  is  important 
and  the  UTS  is  significantly  smaller  than  Su/2. 
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Major  factors  governing  the  stress  concentration  are  the  modulus  ratio,  Ey/EL,  the 
crack  spacing,  L,  and  T  .  That  is,  small  values  of  Ej/Ei ,  L  and  I  alleviate  the  stress 
concentration.41 

3.3  Shear  Damage 

When  loaded  in  shear,  2-D  CMCs  are  subject  to  non-linear  deformation.45  The 
deformations  are  governed  primarily  by  matrix  cracks.  Typical  shear  stress/strain,  T(y ) 
curves  (Fig.  10)  indicate  that  CMCs  can  normally  sustain  larger  shear  strains  than  tensile 
strains  prior  to  failure.  The  matrix  damage  often  consists  of  cracks  oriented  at  45°  to  the 
fiber  axis.  Since  fiber  sliding  is  inhibited  in  shear  loading,  the  elastic  compliance  of  the 
composite  with  matrix  cracks  may  be  a  useful  upper  bound  for  the  shear  strength. 
Consequently,  when  normalized  by  the  shear  modulus  of  the  composite  (Fig.  10),  the 
T(y)  curves  found  for  a  range  of  CMCs  tend  to  converge  into  a  band. 


4.  TEST  METHODOLOGY 

The  preceding  characteristics  suggest  a  methodology  that  can  be  used  to  efficiently 
evaluate  constituent  properties,  which  may  then  be  used  to  make  predictions  about 
composite  performance.  The  basic  philosophy  is  that  straightforward  procedures  be 
used,  with  consistency  demonstrated  between  independent  measurement  approaches. 
The  measurements  that  are  experimentally  convenient  include:  the  fiber  pull-out  length, 
h,  the  matrix  crack  spacing  at  saturation,  ls,  the  stress/strain  (O,  £)  behavior,  the 
fracture  mirror  dimensions  and  the  bending  deformation  of  a  bilayer  (Table  I). 

The  steps  are  as  follows.  Generally,  the  fiber  modulus  is  known,  whereupon  Em 
can  be  evaluated  from  the  measured  initial  composite  modulus.  Both  Sc  and  m  are 
known,  provided  that  fracture  mirror  measurements  have  been  made.  Curvature 
measurements  made  on  bilayer  provide  £1.  At  this  stage,  measurements  of  puli-out. 
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saturation  crack  spacing  and  unloading/reloading  hysteresis  are  used  to  determine  X  , 
Tj  and  rm/  as  well  as  to  provide  checks  on  the  magnitudes  of  Sc  and  £2.24?4 
Specifically,  the  magnitude  of  X  is  obtained  from  the  hysteresis  loop  width  at  half 
maximum,  8  £  1/2,  measured  as  a  function  of  Op  (Eqn.  7b)  and  checked  using  the 
unloading  modulus,  E  (Eqn.  5).  Typical  results  are  shown  in  Figs.  11  and  12.  Then,  the 
misfit  strain,  12,  and  the  debond  energy,  H,  are  evaluated  front  the  permanent  strain  Ep 
(Fig.  13)  by  using  Eqn.  (8).  Additional  procedures  have  been  devised  to  determine  12. 24 
The  misfit  is  compared  with  the  bilaver  measurements.  Thereafter,  the  fiber  pull-out 
lengths  are  used  to  provide  consistency  checks  on  X  and  Sc,  by  using  Eqn.  (15),  with  the 
appropriate  bound  for  X. 

When  the  preceding  measurements  provide  consistent  information,  two  other 
results  can  be  used.  The  saturation  crack  spacing,  is,  allows  estimation  of  Tm  (Eqn.  2), 
which  may  be  compared  with  values  found  for  the  monolithic  matrix  material.  The 
same  value  of  Tm  can  be  used  to  calculate  the  matrix  cracking  stress,  Gmc  (Eqn.  1), 
which  can  be  compared  with  the  onset  of  linearity  found  in  the  stress/ strain  curves. 

Finally,  with  Sc  and  m  known,  the  UTS  may  be  compared  with  the  strengths 
predicted  from  global  load  sharing  analysis  (Eqn.  13)  and  fiber  pull-out  analysis 
(Eqn.  16).  This  comparison  gives  insight  about  the  influence  of  matrix  flaws  on  stress 
concentrations  expected  in  the  fibers. 

The  procedure  is  briefly  illustrated  by  referring  to  a  comprehensive  set  of  results 
obtained  on  both  SiC/CAS6'^24^  and  SiC/SiC2^34-46  (see  Figs.  11-13).  The  constituent 
properties  for  these  two  CMC  systems  obtained  using  the  above  methodology  are 
summarized  in  Table  III.  More  complete  assessments  are  provided  elsew'here.24/*4  The 
comparison  between  these  two  systems  is  interesting,  because  the  constituent  properties 
are  very  different,  (i)  In  the  SiC/SiC  system,  the  fibers  have  clearly  been  degraded 
during  processing,  (ii)  The  large  difference  in  X  indicates  that  the  C  coating  placed  on 
the  fibers  in  the  SiC/SiC  material  (by  vapor  deposition)  has  very  different  properties 
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than  the  C  interphase  in  the  CAS  system,  which  is  governed  by  reaction  during 
processing.  The  high  stiffness  of  the  SiC  matrix  may  also  have  an  important  influence 
on  X  .  (iii)  The  SiC /SiC  system  has  a  substantially  larger  debond  energy,  Tj,  which  is  the 
origin  of  the  relatively  small  permanent  strain. 


5.  SIMULATIONS 

When  the  constituent  properties  have  been  evaluated  in  a  consistent  manner,  the 
stress/strain  curves,  for  SDE  materials,  at  stresses  prior  to  saturation  may  be  simulated 
by  using  Eqns.  (1)  to  (lO).24-34  The  procedure  is  straightforward  for  1-D  material, 
provided  that  Eqn.  (3)  is  a  reasonable  representation  of  matrix  crack  evolution.  Some 
examples  are  presented  in  Fig.  14a.24  Further  work  is  needed  to  predict  the  behavior 
above  ds.  The  simulation  capability  for  2-D  material  depends  on  the  assumption  made 
about  the  stress  dc  acting  on  the  0°  plies.  If  this  stress  is  considered  to  be,  G0  =  2d,  the 
simulations  for  SDE  materials,  based  on  SiC /CAS  (Fig.  14b),  agree  quite  well  with 
experiments  except  at  small  plastic  strain.34  Further  research  is  needed  to  understand 
the  behaviors  at  small  plastic  strains. 


6.  EFFECTS  OF  STRAIN  CONCENTRATIONS 
6.1  General  Considerations 

When  either  holes  or  notches  (or  other  strain  concentrating  sites)  are  introduced, 
experimental  results  have  indicated  that  CMCs  can  exhibit  (at  least)  three  classes  of 
behavior,!2-40  as  sketched  in  Fig.  15.  Class  I  materials  exhibit  a  dominant  (mode  I)  crack 
emanating  from  the  notch,  with  fiber  failures  occurring  as  the  crack  extends  across  the 
material.  Class  II  materials  experience  multiple  (mode  I)  matrix  cracking  from  the  notch. 
These  cracks  usually  extend  across  the  net  section  prior  to  fiber  failure.  In  class  HI 
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materials,  shear  damage  occurs  from  the  notch  and  extends  normal  to  the  notch  plane 
prior  to  composite  failure.  In  all  three  cases,  stresses  are  redistributed  by  matrix  cracking 
as  well  as  by  fiber  pull-out. 

The  characterization  of  notch  effects  for  CMCs  exhibiting  these  three  classes  of 
behavior  appears  to  require  different  mechanics,  because  the  stress  redistribution 
mechanism  within  each  class  operates  over  different  physical  scales.  Class  I  behavior 
involves  stress  redistribution  by  fiber  bridging/pull-out,  which  occurs  along  the  crack 
plane.  Large-Scale  Bridging  Mechanics  (LSBM)  is  preferred  for  such  materials.8'13'15 
Class  II  behavior  allows  stress  redistribution  by  large-scale  matrix  cracking. 
Consequently,  a  mechanism-based.  Continuum  Damage  Mechanics  (CDM)  is  regarded 
as  most  appropriate.16  Class  III  behavior  involves  material  responses  similar  to  those 
found  in  metals,12-40'41  and  a  comparable  mechanics  might  be  used:  either  LEFM  for 
small-scale  yielding  or  non-linear  fracture  mechanics  for  large-scale  yielding.  Since  a 
unified  mechanics  has  not  yet  been  identified,  it  is  necessary  to  devise  mechanism  maps 
that  distinguish  the  various  classes,  through  constituent  properties.  Initial  attempts  are 
elaborated  below. 

6.2  Mechanism  Transitions 

The  transition  between  class  I  and  class  II  behaviors  involves  considerations  of 
both  matrix  crack  growth  and  fiber  failure.  One  hypothesis  for  the  transition  may  be 
analyzed  using  LSBM.  Such  analysis  allows  the  condition  for  fiber  failure  at  the  end  of 
an  unbridged  crack  segment  to  be  solved  simultaneously  with  the  energy  release  rate  of 
the  matrix  front.  The  latter  is  equated  to  the  matrix  fracture  energy.15  By  using  this 
solution  to  specify  that  fiber  failure  occurs  before  the  matrix  crack  extends  into  steady-state, 
class  I  behavior  is  presumed  to  ensue.  Conversely,  class  II  behavior  is  assigned  when 
the  steady-state  matrix  cracking  condition  is  achieved  prior  to  fiber  failure.  The 
resulting  mechanism  map  involves  two  indices:15 


5 


(24a) 


=  (RS/a„t)(Ei/E,.E()[(1-/)//f 
■  3 1 A 

and 

=  <V/S  (24b) 

With  S  and  Cm  as  coordinates,  a  mechanism  map  may  be  constructed  that  distinguishes 
class  I  and  class  II  behavior  (Fig.  16).  While  this  map  has  qualitative  features  consistent 
with  experience,  the  experiments  required  for  validation  have  not  been  completed.  In 
practice,  the  mechanism  transition  in  CMCs  must  involve  additional  considerations. 

The  incidence  of  class  III  behavior  is  found  at  relatively  small  magnitudes  of  the 
ratio  of  shear  strength,  T,  to  tensile  strength  S.  When  T/S  is  small,  a  shear  band 
develops  at  the  notch  front  and  extends  normal  to  the  notch  plane.10'40  Furthermore, 
since  T  is  related  to  G  (Fig.  10),  the  parameter  G/S  is  selected  as  the  ordinate  of  a 
mechanism  map.12'41  Experimental  results  suggest  that  class  in  behavior  arises  when 
G/S  <  50  (Fig.  17). 

6.3  Mechanics  Methodology 
i)  Class  I  Materials 

The  class  I  mechanism,  when  dominant,  has  features  compatible  with  LSBM.  These 
mechanics  may  be  used  to  characterize  effects  of  notches,  holes  and  manufacturing 
flaws  on  tensile  properties,  whenever  a  single  matrix  crack  is  prevalent.  For  cases 
wherein  the  flaw  or  notch  is  small  compared  with  specimen  dimensions,  the  tensile 
strength  may  be  plotted  as  functions  of  both  flaw  indices:  A  b  and  A  p  (Fig.  6).  For  the 
former,  the  results  are  sensitive  to  the  ratio  of  the  pull-out  strength  Sp  to  the  UTS.  These 
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results  should  be  used  whenever  the  unnotched  tensile  properties  are  compatible  with 
global  load  sharing.  Conversely,  A  p  should  be  used  as  the  notch  index  when  the 
unnotched  properties  appear  to  be  pull-out  dominated. 

When  the  notch  and  hole  have  dimensions  that  are  significant  fraction  of  the  plate 
width  (aQ/w  >  0),  net  section  effects  must  be  included.8'37  Some  results  (Fig.  18)  illustrate 
the  behavior. 

Complete  experimental  validation  of  LSBM  for  class  I  materials  has  not  been 
undertaken.  Partial  results  for  the  material,  SiC/Cg,  are  compatible  with  LSBM,  as 
shown  for  data  obtained  with  center  notches  and  center  holes12  (Fig.  17),  with  !A  ~  0.8. 
For  this  material,  the  unnotched  properties  appear  to  be  pull-out  controlled,10'12  and  the 
constituent  properties  give  a  pull-out  notch  index,  A.  p  «  0.76. 

ii)  Class  II  Materials 

The  non-linear  stress /strain  behavior  governed  by  matrix  cracking,  expressed 
through  E  (Eqn.  5)  and  £p  (Eqn.  8)  provide  a  basis  for  a  Damage  Mechanics  approach 
that  may  be  used  to  predict  the  effects  of  notches  and  holes.  Such  developments  are  in 
progress.  An  important  factor  that  dictates  whether  continuum  or  discrete  methods  are 
used  concerns  the  ratio  of  the  matrix  crack  spacing  to  the  radius  of  curvature  of  the 
notch. 

In  practice,  several  class  II  CMCs  have  been  shown  to  exhibit  notch  insensitive 
behavior  for  holes  and  notches  in  the  size  range:  1-5  mm  (Fig.  19).  These  materials 
include:  SiC/CAS6  and  SiC/glass  (1070).7  The  non-linearity  provided  by  the  matrix 
cracks  thus  appears  to  allow  stress  redistribution  to  an  extent  that  essentially  eliminates 
the  stress  concentration.7-47  The  elimination  of  the  stress  concentration  has  been 
established  both  by  notch  strength  measurement6-7  and  by  thermoelastic  emission 
tests.46 
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iii)  Class  III  Materials 


I 

Class  III  behavior  has  been  found  in  several  C  matrix  composites10-1?  (Fig.  16).  In 
these  materials,  the  extent  of  the  shear  deformation  zone  £ p  is  found  to  be  predictable 
from  measured  shear  strengths,  T,  in  approximate  accordance  with12 

Vao  -  o/T  (25) 

Calculations  have  indicated  that  this  shear  zone  diminishes  the  stress  ahead  of  the 
notch,12  analogous  to  the  effect  of  a  plastic  zone  in  metals,  and  provides  good  notch 
properties.  For  several  C/C  materials,  it  has  been  found  that  the  shear  band  lengths  are 
small  enough  that  LEFM  characterizes  the  experimental  data  over  a  range  of  notch 
lengths.  For  edge  notched  specimens,  it  is  found  that,12  Kjc  =16  MPaVnT(Fig.  20). 
However,  conditions  must  exist  where  LEFM  is  violated.  For  example,  when  Hp/a0  >  4, 
the  stress  concentration  is  essentially  eliminated  and  the  material  must  then  become 
notch  insensitive.12  Further  work  is  needed  to  identify  parameters  that  bound  the 
applicability  of  LEFM,  as  well  as  establish  the  requirements  for  notch  insensitivity. 


7.  SUMMARY 

Test  methods  have  been  described  that  relate  constituent  properties  to  macroscopic 
behaviors  in  a  consistent  manner.  The  approach  has  been  illustrated  for  two  CMC 
systems.  It  is  expected  that  the  methodology  will  be  used  to  predict  stress/ strain  curves 
and  examine  their  sensitivity  to  constituent  properties.  These  properties  may  be  used  to 
delineate  mechanism  maps  that  represent  transitions  in  macroscopic  performance, 
especially  in  the  presence  of  strain  concentrations.  Mechanics  procedures  for  each 
mechanism  have  been  described  in  a  preliminary  manner.  A  concerted  effort  is  needed 
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to  further  develop  and  validate  the  mechanics,  which  should  have  applicability  to  a 
wide  range  of  technologically  important  CMCs. 
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TABLE  I 


Measurement  Methods 


CONSTITUENT  PROPERTY 

MEASUREMENT 

Sliding  Stress,  X 

•  Pull-Out  Length,  h25'36 

•  Saturation  Crack  Spacing,  4S20'22 

•  Hysteresis  Loop,  5  e  i/223'24 

•  Unloading  Modulus,  El23,24 

Characteristic  Strength,  Sc,  m 

•  Fracture  Mirrors38'39 

•  Ultimate  Strength,  S25 

Misfit  Strain ,  £2 

•  Bilayer  Distortion9 

•  Permanent  Strain,  Ep23'24 

•  Residual  Crack  Opening32 

Matrix  Fracture  Energy,  rni 

•  Monolithic  Material 

•  Saturation  Crack  Spacing,  £s22 

•  Matrix  Cracking  Stress,  Gmc19 

Debond  Energy,  F , 

•  Permanent  Strain,  Ep21-24 

•  Residual  Crack  Opening21 -24 
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TABLE  II 


Summary  of  Non-Dimensional  Coefficients 

XT  =  ■^L  =  (c2/c,)EmQ/op/  Misfit  Index21-24-32 

Ij  s  ^  =  (l/Cj)  ^E„rj  Ro2  -XT,  Debond  Index21  >24 

9{  =  b2(l  -  a,ffKd*/4lxEmf2 ,  Hysteresis  Index24-32 

L  =  rm(l-/)2E/Em//t2E1R,  Crack  Spacing  Index22 
M  =  6xrm/2E//(l-/)E^,REL,  Matrix  Cracking  Index2-18-19 
d  -  EffQ/EL(l  -  v).  Residual  Stress  Index19-24 
A  =  a0  S2/El  T,  Flaw  Index8 

%b  =  [//(l-/)f  (E/EL/E^n)(a0T/RSy),  Flaw  Index  for  Bridging8-18 

p  =  (a0/h)(Sp/E,J,  Flaw  Index  for  Full-Out37'41 


KJS  3-15/93 


26 


TABLE  III 


Important  Constituent  Properties  For  CMCs: 
Comparison  Between  SiC/SiC  and  SiC/CAS 


MATERIAL 

PROPERTY 

SiC/CAS 

SiC/SiC 

Matrix  Modulus,  Em  (GPa) 

n . 

400 

Fiber  Modulus,  E f  (GPa) 

200 

200 

Sliding  Stress,  T  (MPa) 

15-20 

100-150 

CONSTITUENTS 

Residual  Stress,  q  (MPa) 

80-100 

50-100 

Fiber  Strength,  Sc  (GPa) 

2.0-2.2 

1.3-1. 6 

Shape  Parameter,  m 

3.3-3.8 

4.2-4.7 

Matrix  Fracture  Energy,  rm  (Jnr2) 

20-25 

5-10 

Debond  Energy,  Tj  (Jnr2) 

-0.1 

-2 

Matrix  Cracking  Stress,  Gmc  (MPa) 

140-160 

200-220 

DEPENDENT 

Saturation  Crack  Spacing  ,  ds  (pm) 

110-130 

15-20 

PROPERTIES 

Pull-out  Length  h  (pm) 

250-350 

25-40 
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FIGURE  CAPTIONS 


Fig.  1.  A  schematic  indicating  the  consequence  of  matrix  cracking  in  CMCs  on  the 
stress/strain  behavior. 

Fig.  2.  A  schematic  indicating  the  parameters  that  influence  the  evolution  of  matrix 
cracks  in  1-D  CMCs.30 

Fig.  3.  Effects  of  matrix  crack  density  on  the  elastic  compliance  of  1-D  CMCs.31 

Fig.  4.  Effects  of  gauge  length  on  the  ultimate  tensile  strength  predicted  by  global 
load  sharing  analysis.27 

Fig.  5.  Bounding  solutions  for  the  non-dimensional  fiber  pull-out  length.25 

Fig.  6.  Strength  degradation  in  elastically  isotropic  CMCs  subject  to  unbridged 
segments  (length  2ao)  a)  combined  bridging  and  pull-out;  b)  pull-out.8'37 

Fig.  7.  A  comparison  of  stress/strain  curves  for  2-D  CMCs  all  reinforced  with  Nicalon 
fibers  (with  /  =  0.4).  The  SiC/CAS  is  a  laminate,  the  SiC/SiCCvi  has  a  plain 
weave:  the  other  materials  have  a  8-harness  satin  weave.41 

Fig.  8.  A  comparison  of  1-D  and  2-D  CMC  tensile  properties  obtained  for  SiC/CAS 
and  SiC/SiCcvi-  The  lines  marked  (1/2)1-D  are  the  results  for  1-D  material 
reduced  in  scale  by  (1  /2).41 

Fig.  9.  A  typical  matrix  cracking  mode  in  2-D  CMCs.9 

Fig.  10.  The  shear  strength  of  various  CMCs  normalized  by  the  composite  shear 
modulus.45 

Fig.  11.  The  unloading  modulus  measured  for  1-D  and  2-D  SiC/CAS  and  SiC/SiCcvi 
showing  comparisons  with  the  model  (Eqn.  5)  for  various  sliding  stresses  24'34 

Fig.  12.  Variations  in  the  relative  hysteresis  loop  width  with  crack  density  obtained  for 
2-D  SiC/SiCcvi  showing  comparisons  with  the  model  (Eqn.  7)  for  various 
sliding  stresses.24 
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Fig.  13.  Variation  in  permanent  strain  for  a  1-D  SiC/CAS  materia!  showing 
comparisons  with  the  model  ( Fqn  8)  for  various  values  of  the  sliding  stress, 
using  an  independently  determined  value  for  the  misfit  strain,  with  (H  =  O).30 

Fig.  14.  Simulated  stress,  strain  curves  for  SDE  material  a)  1-D  material  with  notational 
constituent  properties,  b)  2-D  material  simulation  obtained  bv  assuming 
d0  =  2d,  compared  with  experimental  measurements  (constituent  properties 
relevant  to  SiC/CAS). 

Fig.  15.  The  three  classes  of  behavior  found  in  CMCs  and  the  associated  mechanisms 
of  stress  redistribution.40-41 

Fig.  16.  A  proposed  mechanism  map  for  the  transition  between  class  I  and  class  II 
behaviors.15-41 

Fig.  17.  A  proposed  mechanism  map  for  the  transition  to  class  III  beha\'ior.45 

Fig.  18.  Effects  of  holes  and  notches  on  the  tensile  strength  predicted  using  LSBM.  Also 
included  are  results  obtained  for  SiC/Ce12 

Fig.  19.  The  notch  strength  of  a  2-D  SiC/CAS  composite  revealing  that  this  is  a  notch 
insensitive  material.6 

Fig.  20.  Use  of  LEFM  to  characterize  the  notch  strength  of  C/C  composites12 
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ABSTRACT 


A  study  of  the  mechanical  characteristics  of  a  unidirectional  fiber-reinforced  CAS 
matrix  composite  has  been  conducted.  The  properties  have  b^e"  related  to  the 
individual  properties  of  the  matrix,  fibers  and  the  interfaces,  as  well  as  the  residual 
stress,  using  available  models  of  matrix  cracking  and  fiber  fracture.  Comparisons  have 
been  made  with  LAS  matrix  composites.  Predictions  of  initial  matrix  cracking  and  of 
ultimate  strength  using  the  models  are  found  to  correlate  well  with  the  measured 
values.  However,  deficiencies  have  been  noted  in  the  ability  of  the  models  to  predict  the 
evolution  of  matrix  cracks,  plus  associated  changes  in  the  modulus. 


1.  INTRODUCTION 


The  response  of  unidirectional  ceramic  matrix  composites  to  loading  in  the 
longitudinal  direction  involves  consideration  of  the  properties  of  the  fibers,  the  matrix 
and  the  interface  in  situ  in  the  composite,  as  well  as  residual  stresses  caused  bv  thermal 
expansion  misfit.  Present  understanding  is  as  follows.  Most  composites  are  reinforced 
with  SiC  (Nicalon)  fibers  with  thin  coatings  of  C  on  the  fibers1'6  Such  composites 
usually  exhibit  non-linearity'  prior  to  failure,1-4'7  dominated  bv  damage  in  the  form  of 
multiple  matrix  cracking.  The  non-linearity  is  manifest  as  a  reduction  of  tensile 
modulus  E  with  applied  stress,  G,  coupled  with  a  permanent  deformation,  as  well  as 
changes  in  thermal  diffusivity  and  thermal  expansion  coefficient.  These  effects  can  be 
important  for  structural  applications,  especially  the  damage  that  occurs  in  the  vicinity  of 
holes,  notches  and  around  attachments.  Mechanism-based  relationships  between  E  and 
G  represent  important  properties  of  the  composite.  The  ultimate  tensile  strength  of  the 
composite  and  its  dependence  on  the  properties  of  the  fibers  and  fiber  coatings 
in  situ  8*10  constitutes  an  additional  composite  property. 

Micromechanics  models  representing  each  of  the  above  phenomena  have  been 
developed:  matrix  cracking,11*14  failure15  and  debonding.16  Such  models  provide 
valuable  insight  into  the  effects  of  the  constituent  and  interface  properties  on  the 
mechanical  behavior  of  the  composite.  However,  comparison  with  experiment, 
especially  with  regard  to  matrix  cracking,  has  lead  to  contradictory  conclusions.5-"-17-18 
The  apparent  discrepancies  arise  either  from  widely  differing  choices  of  the  properties 
of  the  composite  constituents  (fiber,  matrix,  interface),  in  situ  in  the  composite,  or  from 
differing  assumptions  about  the  flaw  distributions  in  the  matrix.  A  clarification  of  the 
issues  is  attempted  in  the  present  study  by  conducting  an  investigation  of  the  properties 
of  a  unidirectional  composite  with  a  calcium  alumina  silicate  (CAS)  matrix,  reinforced 
with  Nicalon  (SiC)  fibers,3  and  comparing  with  results  from  the  literature  on  a  lithium 
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alumino  silicate  (LAS)  matrix  composite  with  the  same  fibers.1-  For  this  purpose,  the 
status  of  the  salient  modelling  efforts  is  briefly  reviewed,  in  a  manner  that  explicitly 
identifies  the  constituent  and  composite  properties  that  require  measurement.  Then, 
measurements  are  made  that  enable  comparison  with  the  models. 


2.  MODELLING  BACKGROUND 

2.1  Interfaces 

In  general,  composite  interfaces  are  characterized  by  two  parameters:  a  debond 
energy  T ,  and  a  sliding  stress  along  the  debonded  interface,  I  ,19  For  most  C  coatings,  T, 
appears  to  be  small6  and  will  be  neglected  in  the  following  summary.  Also,  in  general,  X 
has  a  Coulomb  friction  component  and  varies  as  the  matrix  crack  opens.19  However, 
again  the  effect  appears  to  be  small  for  most  ceramic  matrix  composites6-20  and,  in  the 
following,  I  is  regarded  as  a  constant. 

2.2  Matrix  Cracking 

A  fundamental  notion  in  matrix  cracking,  first  introduced  by  Aveston,  Cooper  and 
Kelly11  (ACK),  concerns  the  concept  of  steady-state,  wherein  the  energy  release  rate  for 
a  single  matrix  crack  is  independent  of  matrix  crack  length  and  given  by12-13 

G  =  (g  +  qE/Em)3E^(l  -  ff R 

6xf2E,E2  (1) 

where  O  is  the  imposed  stress,  E  is  Young's  modulus,  /  is  the  fiber  volume  fraction,  R  is 
the  fiber  radius,  q  is  the  residual  axial  stress  in  the  matrix  (positive  being  tensile)  and 
the  subscripts  m  and  f  refer  to  matrix  and  fiber,  with  E  =  /  Ey  +  (1  -  f)Em.  Steady-state 
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conditions  apply  provided  that  the  initial  flaws  in  the  matrix,  length  ap,  exceed  a  critical 
value,  ac  given  by,13-14 


-E  r* 

ro  rr. 


(l-/)2R(l  +  l;)' 
x/2  E, 


(2) 


where  c  =  E///Em(l  -  /)  and  Tm  is  the  matrix  fracture  energy-  When  a0  >  ac,  a  lower 
bound  to  the  matrix  cracking  stress,  o0,  is  obtained  by  setting  Q0  to  the  matrix  fracture 

resistance,  n'l2 


Qc  ~  “  /)  (3) 

such  that, 

o0  =  o.-qE/E^  (4) 

where 

■  "  P  -  J  ,5, 


When  a0  <  ac,  and  the  cracking  stress  Gc  exceeds  Go.13’1*1 

The  development  of  cracks  at  stresses  above  G0  has  aspects  of  both  mechanics  and 
stochastics.  The  mechanics  considers  the  mutual  interactions  between  well-developed 
cracks  that  affect  the  steady-state  energy  release  rate.31  Stochastics  involves  the 
distribution  of  matrix  flaws  having  size  aQ  <  ac  and  the  resulting  influence  on  crack 
evolution,  through  coupled  effects  of  weakest  link  statistics  and  mechanics.33'33 
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A  comprehensive  mode!  that  includes  all  aspects  of  the  mechanics  and  stochastics  does 
not  yet  exist.  However,  the  mechanics  plus  some  simplified  statistics  addresses  several 
of  the  important  factors.  An  important  governing  quantity  is  the  slip  length,  d,  between 
matrix  and  fiber  which  in  the  presence  of  a  steady-state  matrix  crack  is  given  by,4  -1 

d/R  =  (o  + qE/Em)Em(l  -  /)/2E/t  (6a) 


which  has  the  reference  value 

d./R  =  O.Em(l  -  /)/2E/t  (6b) 

When  the  slip  zones  between  neighboring  cracks  overlap,  Q  for  steady-state  cracks 
differs  from  Q0.  The  relationship  between  Q  and  Qq  is  dictated  by  the  location  of  the 
neighboring  cracks.  When  a  crack  forms  midway  between  two  existing  cracks  with  a 
separation  2J2,  £  is  related  to  £0by21 

=  4(*/2d)  for  0  <  f/d  <  1  (7a) 


and 


=  1  -  4(1  -  t/2df 


for  1  <  i/d  <  2  (7b) 


Consequently,  if  matrix  cracks  develop  in  a  strictly  periodic  manner,  the  evolution  of 
the  crack  density  with  stress  can  be  predicted  by  combining  Eqns.  (3),  (6)  ana  (7), 
leading  to  the  result  plotted  in  Fig.  1.  In  general,  non-periodic  crack  locations  exist. 
However,  a  similar  trend  in  crack  spacing  is  obtained  by  placing  the  steady-state  cracks 
at  spatially  random  locations  relative  to  existing  cracks,  achieved  by  using  a  Monte 
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Carlo  simulation  -  '(Fig.  1).  These  results  indicate  that  the  average  crack  spacing  reaches 
a  saturation  value,  7  =  1.75d»,  when  G/G*>  1.3.  This  solution  provides  a  relationship 
between  the  sliding  stress  and  the  saturation  crack  spacing  (through  Eqns.  (5)  and  (6b)), 
given  by; 

T  =  2.0R(l-/)(r,E,E„//E/1)>i  ,8) 

The  actual  evolution  of  matrix  cracks  would  deviate  from  these  predictions  when 
the  initial  matrix  flaws  are  smaller  than  ac  The  analysis  of  matrix  cracking  then  relies  on 
information  about  the  size  and  spatial  distribution  of  matrix  flaws  and  on  the  mechanics 
of  flaws  smaller  than  ac.13'14  In  general,  the  solution  requires  combined  analysis  of  the 
initial  flaw  distribution  and  interaction  with  matrix  cracks  already  formed.  However, 
some  useful  results  can  be  obtained  by  using  the  mechanics  of  non-interacting  short 
cracks13  with  an  extreme  value  matrix  flaw  size  distribution.22'23  The  principal  result 
arising  from  such  analysis  is  that  extensive  matrix  cracking  is  not  predicted  until 
stresses  are  appreciably  above  G0,  as  governed  by  the  magnitude  of  the  shape  parameter 
for  matrix  flaws:  a  quantity  related  to  the  Weibull  modulus,  m.  A  schematic  that 
combines  the  principal  aspects  of  the  above  behaviors  is  presented  in  Fig.  2. 

2.3  Residual  Stresses 

The  residual  stress  q  is  governed  by  the  misfit  strain  Q  between  the  fiber  and  the 
matrix.  For  matrix  and  fibers  having  the  same  Poisson’s  ratio,  q  is  given  by;12 

KK  e,jq 

X,E(I  -  v)  (9a) 

w'here  V  is  the  Poisson’s  ratio, 
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(9b) 


ft  -  Zv) 

2(1 -v) 


(1  -  E/E,) 


and 


^•2  _  (l +  ^/E/)/2  (9c) 

Forv  =  0.3  and  for  E/Ef  representative  of  the  present  composite  (Table  I),  =  0.9  and 

"Ko  =  0.85.  Similarly,  the  radial  stress,  p,  at  the  fiber/matrix  interface  is12 

=  E,(1-/)Q 

-  v)  (10) 

The  interfacial  sliding  stress  is  expected  to  be  influenced  by  both  the  sign  and 
magnitude  of  p.  When  the  misfit  arises  solely  from  thermal  expansion  differences, 
Q  =  (a^  -  am)AT,  where  a  is  the  thermal  expansion  coefficient  and  AT  is  the 
temperature  difference  between  softening  and  ambient. 

The  periodic  matrix  cracking  is  predicted  to  change  the  unloading  (or  reloading) 
modulus  in  accordance  with,17'23 

E/E  =  S(7/R)  +  RE^,  (l  -  /)2Ao/47tE/E/‘l  (11) 


where  S  is  an  elastic  compliance  associated  with  the  matrix  cracks  (of  order  1  to  1 .2)  and 
Ac  is  the  incremental  reduction  in  stress  used  to  measure  the  modulus..  The  modulus 
thus  decreases  as  the  mean  crack  spacing  increases  and  can  be  predicted  by  inserting 
measured  crack  spadngs  into  Eqn.  (11). 
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2.4  Fiber  Fracture  and  Composite  Ultimate  Strength 

The  factors  governing  the  ultimate  strength  of  a  fiber  reinforced  composite  have 
been  modelled  using  weakest  link  statistics.9'10'15  The  calculations  assume  that  both  the 
debond  energv  and  sliding  stress  are  small,  such  that  the  fibers  are  non-interacting,  and 
that  the  matrix  exhibits  multiple  cracking  prior  to  composite  failure.  In  this  case,  the 
matrix  allows  load  transfer  along  a  fiber  from  a  fiber  failure  site,  through  the  interfacial 
shear  tractions,  with  global  load  sharing.  As  a  result,  fibers  can  experience  multiple 
cracking  along  their  length. t  Since  the  load  transfer  is  governed  by  x,  parameters  such  as 
the  pullout  length  and  the  fiber  strength  can  be  explicitly  linked  with  x.  Following  this 
approach,  the  ultimate  strength  of  the  composite  Gu  is  predicted  to  be:15 


ou 


/  sc 


2 

m  + 1 

"(m  +  2)_ 

m  +  2 

(12) 


where  m  is  the  Weibull  shape  parameter  and  Sc  is  a  characteristic  fiber  strength,9-15 
which  may  be  obtained  directly  from  fracture  mirror  measurements.10-15 

Another  important  result  relates  the  mean  fiber  pullout  length  to  the  interfadal 
shear  stress:  9-15 


h  =  X(m)RSc/4r 


(13) 


where  X(m)  takes  a  value  dose  to  unity  for  m>3.  This  expression  gives  an  alternative 
means  of  estimating  x. 


t  This  multiple  fiber  cracking  phenomenon  associated  with  the  stresses  carried  by  failed  fiber  causes  the 
ultimate  strength  prediction  to  differ  from  that  given  by  Cao  et  af.,5  which  ignores  this  factor. 
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2.5  Implications  For  Measurements 


For  CAS  composites  reinforced  with  Xicalon  fibers,  several  constituent  properties 
are  relatively  well  known:  including  the  elastic  properties  and  expansion  coefficients,  as 
well  as  fiber  radius  and  fiber  volume  fractions  (Table  I).  The  important  constituent 
properties  that  require  independent  measurement  are  T  ,  rm  and  q.  In  principle,  q  can  be 
obtained  from  Eqn.  (9),  if  the  misfit  strain  Q  is  known.  However,  AT  is  ill-defined  and, 
in  some  cases,  additional  stresses  may  develop  as  a  result  of  matrix  crystallization. 

Additional  measurements  needed  to  correlate  experiment  with  theory  include  the 
matrix  cracking  stress  and  the  crack  spacing,  both  measured  in  situ.  Moreover, 
measurements  to  be  performed  on  fracture  surfaces  include  fracture  mirror  radii5-55  and 
fiber  pull-out  distributions.10-55 


3.  EXPERIMENTAL  PROCEDURES 
3.1  Testing 

All  experiments  were  conducted  on  a  unidirectional  laminate  of  CAS/Nicalon 
material  provided  by  Coming.3  Flexural  specimens  having  dimensions  50  x  3  x  2.8  mm, 
(with  the  fibers  oriented  along  the  axis)  were  prepared  by  diamond  machining.  The 
tensile  face  and  one  side  face  were  polished  to  facilitate  the  direct  observation  of  matrix 
cracks.  The  tests  were  conducted  in  four-point  bending  with  inner  and  outer  spans  of  20 
and  40  mm,  respectively.  The  bending  fixture  was  located  within  an  optical  microscope, 
allowing  high-resolution  in  situ  observations  of  matrix  cracking. 

Tensile  specimens  were  prepared  by  machining  beams  having  dimensions 
150  x  3  x  2.8  mm,  followed  by  polishing.  Aluminum  tabs  were  bonded  to  the  ends,  to 
ensure  even  load  transfer  and  to  avoid  crushing  of  the  specimen.  Strains  were  measured 
along  a  gauge  length  using  an  axial  extensometer  in  contact  with  the  specimen.  Tests 
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were  performed  in  a  servohydraulic  machine  with  hydraulic  grips.  Care  was  taken  to 
eliminate  bending;  strain  gauge  measurements  confirmed  that  this  was  largely 
achieved.  Following  mechanical  testing,  the  specimens  were  examined  in  the  optical 
microscope  and  scanning  electron  microscope  (SEM).  In  some  cases,  tests  were 
interrupted  prior  to  failure  and  the  specimens  examined  in  the  SEM.  Several  tests  were 
performed  with  partial  unloading  (Ag  =  25  MPa)  conducted  at  discrete  strain  intervals, 
as  needed  to  determine  the  change  in  composite  unloading  modulus  E  as  a  function  of 
strain.  There  is  a  corresponding  permanent  strain,  but  this  was  not  measured  A  few 
tensile  tests  were  conducted  with  two  faces  of  the  specimen  having  a  matrix-only  layer 
on  the  outside,  -  30  Jim  thick.  In  all  cases,  loading  durations  were  short  (<  10s)  to 
minimize  the  influence  of  stress  corrosion  on  the  matrix  cracking  behavior.  Time 
dependent  effects  will  be  reported  in  a  subsequent  publication.23 

The  matrix  fracture  energy  was  determined  by  testing  chevron-notched  flexure 
specimens  of  unreinforced  CAS.  The  load/displacement  behavior  was  monitored 
during  testing  to  determine  whether  there  W’as  stable  crack  growth  prior  to  catastrophic 
failure.  Tests  were  conducted  rapidly  (failure  time  <  10s)  to  minimize  the  effect  of  stress 
corrosion. 

3.2  Observations 

The  onset  and  evolution  of  matrix  cracks  were  studied  bv  conducting  experiments 
on  specimens  with  polished  surfaces  in  situ  within  an  optical  microscope.  Such 
measurements  were  made  under  load,  since  some  cracks  were  found  to  close  upon 
unloading,  making  them  essentially  invisible  in  the  optical  microscope  (Fig.  3).  Edge 
replicates  were  taken  during  tensile  tests,  for  the  same  purpose.  Initial  cracking  was  also 
monitored  using  an  acoustic  emission  transducer  attached  to  the  specimen.  In  situ 
measurements  were  verified  by  ex  situ  measurements  performed  both  in  optical  and 


k|S  6'4.'92 


11 


scanning  electron  (SEM)  microscopes.  The  SEM  was  also  used  to  measure  fracture 
mirror  radii  and  fiber  pull-out  lengths. 

3.3  Residual  Stresses 

Residual  stresses  were  measured  using  a  dissolution  technique  described 
elsewhere.24  Long,  thin  strips  were  cut  from  the  composite  parallel  to  the  fiber 
direction.  The  strips  were  polished  and  mounted  on  a  plate  parallel  to  a  steel  reference 
strip.  Surface  features  were  photographed  at  high  magnification,  and  their  positions 
relative  to  marks  on  the  steel  strip  were  recorded.  The  ends  of  the  composite  strip  were 
masked  with  silicon  rubber  and  the  matrix  dissolved  using  a  dilute  HF  solution.  The 
length,  w,  of  the  dissolved  section  was  varied  between  40  and  120  mm.  The  masks  were 
subsequently  removed  and  the  relative  positions  of  the  same  surface  features  were 
again  documented.  The  displacement,  8 ,  of  the  masked  section  was  obtained  from 
measurements  on  the  micrographs.  Provided  that  w  is  much  larger  than  the  zero-load 
slip  length,  the  residual  stress,  q,  is  related  to  8  by: 

q  =  8E///w(l  -  /)  (14) 

4.  MECHANICAL  BEHAVIOR 

Flexural  tests  gave  load  /displacement  curves  typical  of  those  reported  elsewhere.4 
The  loads,  when  converted  into  a  nominal  maximum  tensile  stress,  resulted  in 
stress/displacement  curves  With  a  non-linearity  at  about  200  MPa  and  an  ultimate 
strength  (modulus  of  rupture)  of  about  650  MPa.  Optical  observations  during  testing 
indicated  that  matrix  cracks  first  developed  on  the  tensile  face  at  stresses  between  130 
and  150  MPa,  consistent  with  the  value  ascertained  for  a  similar  material  using  acoustic 
emission.8  At  higher  stresses,  additional  matrix  cracks  formed,  until  a  saturation 


kj$  &4/92 


12 


spacing  was  attained.  The  distribution  of  crack  spacing  at  saturation  is  depicted  in 
Fig.  4,  with  the  average  value  being  103  ±  15  pm.  Final  failure  occurred  bv  delamination 
in  the  region  between  the  inner  and  outer  loading  points,  as  also  observed  in  the 
LAS/Nicalon  composites. T2.4 

Tensile  stress/strain  curves  had  the  features  illustrated  in  Fig.  5a.  Based  on  6  tests, 
the  non-linearity  was  found  to  occur  at  stresses  in  the  range  150-200  MPa,  with  an 
ultimate  strength  of  430  ±  30  MPa  at  a  tensile  strain  of  -  0  8%.  Ir,  situ  observations  made 
with  an  optical  telescope  confirmed  that  the  onset  of  matrix  cracking  again  occurred  in 
the  range  130-150  MPa.  Acoustic  emission  events  first  occurred  within  a  similar  range 
(Fig.  5b).  Partial  unloading  to  obtain  information  about  changes  in  modulus  provided 
the  results  summarized  in  Fig.  6.  These  results  are  in  broad  agreement  with  results 
reported  by  Prvce  and  Smith.17  Corresponding  measurements  of  the  change  in  crack 
density  with  applied  stress  are  plotted  on  Fig.  7. 

Tests  conducted  on  specimens  with  a  thin  matrix-only  outer  layer  gave  essentially 
the  same  stress-strain  curves.  However,  in  situ  observations  indicated  that  cracks  first 
formed  in  the  surface  layer  at  stresses  as  low  as  50  MPa.  Such  measurements 
demonstrate  the  important  role  of  the  local  fiber  content  on  matrix  cracking  and 
exemplify  the  need  for  removing  the  matrix-rich  layer  prior  to  testing. 

Matrix  dissolution  experiments  resulted  in  the  displacements  plotted  on  Fig.  8. 
Combining  the  measurements  with  Eqn.  (13)  gives  the  residual  stress  in  the  matrix, 
q  =  89  ±  13  MPa. 

Chevron-notched  flexure  tests  conducted  on  10  specimens  of  the  unreinforced 
matrix  material  yielded  a  matrix  fracture  energy,  rm  =  25  ±  2  Jirr2.  Non-linearity  in  the 
load/ displacement  plot  prior  to  the  load  maximum  indicated  that  stable  crack  growth 
had  occurred  before  catastrophic  failure. 
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5.  OBSERVATIONS 


The  material  exhibited  extensive  fiber  pull-out  during  failure  (Fig.  9)  with 
distributed  fiber  failure  sites  and  no  obvious  clustering.  A  typical  distribution  of  fiber 
pull-out  lengths  is  shown  in  Fig.  10.  The  average  pull-out  length,  h,  lies  in  the  range 
250-350  Jim,  which  is  much  smaller  than  that  found  for  LAS  matrix  material4-7 
(h  =  2  mm).  Fracture  mirror  radii  converted  into  the  in  situ  fiber  strength  parameter,  Sc, 
are  plotted  on  Fig.  11,  giving  the  parameters,  m  =  3.6  and  Sc  =  2.0  GPa.  Dissolution  of 
the  matrix  in  a  specimen  loaded  to  400  MPa  revealed  a  substantial  number  of  broken 
fibers,  with  the  fracture  sites  distributed  evenly  throughout  the  composite. 


6.  ASSESSMENT  OF  THE  RESULTS 
6.1  Constituent  Properties 

Values  of  the  interface  sliding  stress  can  be  inferred  from  the  various  methods 
described  in  Section  2,  coupled  with  the  experimental  measurements.  The  crack  spacing 
and  matrix  toughness  measurements  in  conjunction  with  Eqn.  (8)  yield  the  estimate 
X  =  25-28  MPa.  The  values  inferred  from  the  fiber  pull-out  lengths,  obtained  using 
Eqn.  (13),  are  somewhat  lower,  being  -10-15  MPa.  Evidently,  the  range  of  values 
obtained  through  the  two  methods  is  broad  (10-28  MPa).  This  is,  perhaps,  a  result  of 
both  the  underlying  assumptions  in  the  micromechanical  models  and  uncertainties  in 
the  experimental  measurements.  Similar  trends  have  also  been  observed  in  the  LAS/SiC 
composites,  wherein  I  has  been  estimated  to  be  in  the  range  of  1-3  MPa5.  The  relative 
values  of  T  in  the  CAS  and  LAS  matrix  composites  (Table  1)  partially  reflect  the 
different  thermal  expansion  mismatches  of  the  two  materials.  In  the  LAS  material,  the 
radial  stress,  p,  is  tensile  and  consequently,  t  is  low.  Conversely,  in  the  CAS  material, 
p  is  compressive  and  thus,  t  is  relatively  high. 
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The  matrix  fracture  energy,  rm  *  25  Jnv2,  is  comparable  to  literature  values  for 
monolithic  glass  ceramic  matrices-5  (Tm  =  15-30  J nr2)  Other  researchers  have 
assumed  widely  differing  values,  leading  to  conclusions  that  also  differ  from  those 
presented  below.  At  one  extreme,  Kim  and  Pagano7  assumed  that  rm  =  2y  -  80  Jnr- 
and  concluded  that  matrix  cracking  is  observed  at  a  stress  below  the  ACK  lower  bound 
At  another  extreme,  Pryce  and  Smith17  used  Tm  =  6  Jnr2,  and  propose  that  matrix 
cracks  first  form  at  stresses  above  the  ACK  lower  bound. 

6.2  Matrix  Cracking 

The  experimental  measurements  of  matrix  cracking  can  be  compared  with 
deterministic  cracking  stress  predicted  using  steady-state  mechanics.  The  lower  bound 
ACK  result  is  first  computed  as  a  function  of  the  interface  sliding  stress  (Fig.  12). 
Superposition  of  the  stress  range  at  which  the  first  matrix  cracks  have  been  detected, 
both  in  this  study  and  that  of  Kim  and  Pagano,7  reveals  that  the  ACK  prediction  is  in 
accord  with  the  measurements,  provided  that  t  is  chosen  to  be  in  the  range  10-15  MPa. 
This  is  consistent  with  the  lower  end  of  the  values  inferred  from  the  measurement 
techniques  described  above.  The  model  also  correctly  identifies  the  effeci  of  residual 
stress,  as  manifest  in  the  difference  in  matrix  cracking  stresses  of  the  CAS  and  LAS 
matrix  composites. 

The  evolution  of  matrix  cracks  at  stresses  above  the  first  cracking  stress  can  be 
addressed  by  predicting  the  change  in  modulus, E.  This  is  done  in  a  consistent  manner 
bv  selecting  the  magnitude  of  T  that  gives  best  agreement  with  the  first  cracking 
measurements  (T  =  10-15  MPa,  Fig.  12)  and  using  this  value  throughout.  Comparison 
with  measured  values  has  two  steps:  i)  the  change  in  crack  density  with  stress  is 
compared  with  predictions  based  on  steady-state  mechanics  (Fig.  1),  ii)  the  measured 
crack  densities  (Fig.  7)  are  used  with  Eqn.  (11)  to  predict  E/E.  In  the  first  step,  insight 
regarding  the  evolution  in  crack  spacing  is  obtained  by  superposing  the  crack  density 


M  6/4/92 


15 


predictions  from  Fig.  1  onto  the  experimental  results  (Fig.  7).  It  is  apparent  that  the 
abrupt  increase  in  crack  density  at  0/0.  =  1,  predicted  by  the  mechanics  model,  based 
on  steady-state  cracks,  does  not  happen.  Instead,  the  results  are  qualitatively  consistent 
with  Fig.  2,  indicative  of  a  majority  of  matrix  flaws  having  size  smaller  than  the  critical 
size  ac  needed  for  steady-state  conditions  to  apply.  Complete  quantitative  results  for 
matrix  cracking  in  this  flaw  size  regime  are  not  yet  available.2---3  Further  interpretation 
of  matrix  crack  evolution  awaits  these  models  and  emphasizes  their  importance  to  the 
rigorous  prediction  of  matrix  crack  evolution.  Nevertheless,  it  is  apparent  that  one 
important  feature,  the  saturation  crack  density,  is  predicted  with  reasonably  accuracy 
by  the  model. 

In  the  second  step,  the  modulus  changes  predicted  by  inserting  the  measured  crack 
densities  (Fig.  7)  into  Eqns.  (11)  are  compared  with  experiments  on  Fig.  6.  The 
comparison  indicates  that  the  model  slightly  underestimates  the  modulus  reduction  for 
the  same  range  of  T  .  This  discrepancty  is  believed  to  be  due  to  fiber  failure26:  an  effect 
vet  to  be  incorporated  into  the  model. 

6.3  Ultimate  Strength 

Based  on  the  in  situ  strength  parameter,  Sc  =  2.0  GPa  and  the  shape  parameter, 
m  =  3.6,  the  predicted  ultimate  strength  (Eqn.  11)  is  Cu  =  480  MPa,  compared  with  a 
measured  values  of  430  ±  30  MPa.  Values  measured  by  Kim  and  Pagano7  (505  MPa)  and 
Pryce  and  Smith17  (400  MPa)  on  this  material  are  within  the  range  of  the  present 
measurements  and  predictions. t  The  reasonable  agreement  suggests  that  the 
assumptions  inherent  in  the  non-interacting  fiber  failure  model  are  appropriate  for  this 
composite.  This  result  is  further  supported  by  the  observation  of  evenly  distributed 
fiber  failure  sites  prior  to  composite  failure.  The  magnitudes  of  Sc  and  m  can  also  be 

*  The  difference  may  be  related  to  either  batch  to  batch  variation  reflected  in  different  fiber  strengths,  $c, 
or  to  time-dependent  effects. 
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used  to  evaluate  the  bundle  strength  Sb  of  the  fibers  within  the  composite.1^  For  a 
25  mm  gauge  length:  5^  =  0.42  GPa.  Comparison  with  the  bundle  strength  of  pristine 
Nicalon  fibers  at  the  same  gauge  length27  (Sb  =  1.8  GPa)  suggests  that  significant 
degradation  of  the  fibers  has  occurred  during  processing. 


7.  CONCLUDING  REMARKS 

Some  of  the  mechanical  properties  of  a  unidirectional  CAS  matrix  composite 
reinforced  with  Nicalon  fibers,  such  as  the  initial  matrix  cracking  stress  and  ultimate 
strength,  appear  to  be  consistent  with  available  models  and  can  be  predicted  with  good 
accuracy,  provided  that  the  appropriate  properties  of  the  interface,  the  matrix  and  the 
fibers,  in  situ  in  the  composite,  as  well  as  the  residual  stress,  are  taken  into  account.  A 
particularly  important  feature  is  the  existence  of  a  tensile  longitudinal  residual  stress  in 
the  matrix.  This  residual  stress  lowers  the  matrix  cracking  stress  relative  to  that  found 
for  other  matrices,  such  as  LAS.  Moreover,  the  compressive  radial  residual  stress  at  the 
interface  results  in  a  high  interface  sliding  stress,  being  almost  an  order  of  magnitude 
higher  than  the  value  in  the  LAS  material. 

The  evolution  in  crack  density  with  stress,  above  initial  cracking,  is  not  accurately 
predictable  from  available  models,  except  for  the  saturation  crack  density,  which  seems 
to  be  reasonably  well  described.  Consequently,  it  is  not  yet  possible  to  predict  changes 
in  modulus  E  with  applied  stress.  Nevertheless,  formulae  that  relate  E  to  stress,  G, 
subject  to  independent  information  about  the  crack  density  have  reasonable  applicability. 
Three  issues  are  highlighted  for  further  research,  i)  The  need  to  address  initial  matrix 
flaws  smaller  than  the  steady-state  critical  size  in  matrix  cracking  models.  Such 
activities  arc  in  progress,22-23'27  based  on  the  mechanics  of  short  matrix  cracks  coupled 
with  distributions  of  matrix  flaws,  using  extreme  value  statistics,  ii)  The  application  to 
matrix  cracking  problems  of  interface  models19  more  complex  than  constant  t .  iii)  The 
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effect  of  fiber  failure  on  modulus  reduction,  particularly  at  stresses  approaching  the 
fiber  bundle  strength.26  Further  interpretation  and  analysis  await  these  results. 
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TABLE  I 


Properties  of  CAS  Matrix  Composites  Compared  with  LAS 


Property 

CAS 

LAS 

Fiber  Volume  Fraction,  / 

0.3?a 

0.4-0.5b 

Matrix  Modulus, 

Em(GPa) 

97a 

86b 

Matrix  Thermal  Expansion 

Coefficient,  o^OO^*1) 

5a 

1b 

Sliding  Stress  I  (MPa) 

10-15  (Eqn  4  and  5) 
10-15  (Eqn  13) 

25-28  (Eqn  8) 

1-3b 

Residual 

p(MPa) 

-65 

20b 

Stresses 

q(MPa) 

89 

-  50b 

Matrix  Cracking  Stress,  o0  (MPa) 

1 30-1 50 

280-300b 

Matrix  Fracture  Energy,  rm  (J/m2) 

25 

20-30 

Other  Salient  Properties  of  CAS  Matrix  Composite  Reinforced  With 
Nicaion  Fibers 

R  =  7.5  pm,  a.f  «  4x10-6C-1,E/  =  200  GPa 

a.  K.  Chyung,  Corning  Labs  b.  Reference  [5] 
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FIGURE  CAPTIONS 


Fig.  1.  Prediction  of  the  evolution  of  crack  densitv  with  increasing  stress,  for  periodic 
and  non-periodic  crack  spacings 

Fig.  2.  Schematic  of  crack  densities  with  stress  based  on  combined  mechanics  and 
stochastics. 

Fig.  3.  (a)  Optical  micrograph  of  matrix  cracks  on  the  tensile  surface  of  a  bend 

specimen  at  a  nominal  stress  of  350  MPa. 

(b)  Micrograph  of  the  same  region  after  unloading. 

Fig.  4.  Histogram  of  matrix  crack  spacings  measured  under  load. 

Fig.  5.  (a)  A  tensile  stress-strain  curve  indicating  the  unloading  modulus  and  the 

permanent  strain. 

(b)  A  corresponding  acoustic  emission  curve. 

Fig.  6.  Unloading  modulus  as  a  function  of  applied  stress  obtained  from  uniaxial 
tension  tests.  The  model  predictions  are  obtained  by  inserting  the  measured 
crack  densities  (Fig.  7)  into  Eqns  (11). 

Fig.  7.  Change  in  crack  density,  R/l,  with  applied  stress,  CT.  Also  shown  are 
predicted  curves  obtained  from  Fig.  1 

Fig.  8.  Matrix  residual  stress  measurements  showing  the  displacement  of  the  masked 
composite  as  a  function  of  the  length  of  the  dissolved  region. 

Fig.  9.  Tensile  fracture  surfaces  showing  fiber  pull-out. 

Fig.  10.  A  typical  distribution  of  fiber  pullout  lengths  from  a  tensile  fracture  surface. 

Fig.  11.  In  situ  fiber  strength  distribution  obtained  from  fracture  mirror  measurements. 

Fig.  12.  The  effect  of  interface  sliding  stress  on  the  lower  bound  matrix  cracking  stress, 
calculated  using  Eqns.  (4)  and  (5).  Also  superposed,  as  shaded  rectangles,  are 
the  experimentally  measured  ranges  of  first  matrix  cracking  stresses  and 
sliding  stresses  for  both  the  CAS  and  LAS  matrix  composites. 
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.  Prediction  of  the  evolution  of  crack  density  with  increasing  stress, 
and  non-periodic  crack  spacings. 
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Fig.  2.  Schematic  of  crack  densities  with  stress  based  on  combined  mechanics  and 
stochastics. 
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Fig  3.  (a)  Optical  micrograph  of  matrix  cracks  on  the  tensile  surface  of  a  bend 
specimen  at  a  nominal  stress  of  300  MPa. 

(b)  Micrograph  of  same  region  after  unloading 
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Fig.  5.  (a)  A  tensile  stress-strain  curve  indicating  the  unloading  modulus  and  the 
permanent  strain. 
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Fig.  5(b)  A  corresponding  acoustic  emmission  curve. 
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Fig.  7.  Change  in  crack  density,  R/&,  with  applied  stress,  C.  Also  shown  are 
predicted  curves  obtained  from  Fig.  1. 
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Fig.  8.  Matrix  residual  stress  measurements  showing  the  displacement  of  the  masked 
composite  as  a  function  of  the  length  of  the  dissolved  region 
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Fig.  10.  A  typical  distribution  of  fiber  puliout  lengths  from  a  tensile  fracture  surface. 
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The  effect  of  interface  sliding  stress  on  the  lower  bound  matrix  cracking  stress, 
calculated  using  Eqns.  (4)  and  (5).  Also  superposed,  as  shaded  rectangles,  are 
the  experimentally  measured  ranges  of  first  matrix  cracking  stresses  and 
sliding  stresses  for  both  the  CAS  and  LAS  matrix  composites. 
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Abstract  —  A  self-consistent  model  for  determining  the  equivalent  spring  stillness  m  liber  cravk- 
bndging  problems  is  proposed  The  model  is  compared  with  the  shear-lag  model  lor  idea!  bonding 
of  the  fiber  matrix  interface,  in  which  case  the  springs  have  a  linear  spring  constant  A  comparison 
is  also  made,  in  the  homogeneous  limit  when  liber  and  matrix  elastic  properties  are  identical,  with 
results  from  particle  and  ligament  crack -bridging  analyses  The  sell-consistent  model  is  seen  to  agree 
with  these  other  models  A  simplified  parametric  equation  is  given  which  approximates  the  results 
over  the  considered  range  of  material  properties. 


INTRODUCTION 

A  great  deal  of  interest  in  recent  years  has  centered  around  the  subject  of  fiber- re  in  forced 
materials.  This  is  due.  largely,  to  experimental  studies  that  have  demonstrated  that  fiber- 
reinforcing  can  substantially  increase  the  fracture  toughness  of  ceramics,  which  are  normally 
very  brittle  (Prewo  and  Brennan,  1980).  It  is  anticipated  that  if  ceramic  materials  can  be 
adequately  toughened,  either  through  fiber-reinforcing  or  some  other  mechanism,  the  excel¬ 
lent  thermal  properties  (and  perhaps  electrical  properties)  which  they  exhibit  will  provide 
a  significant  technological  advance. 

It  has  been  demonstrated  how  a  steady-state  crack,  growing  normal  to  an  aligned  array 
of  reinforcing  fibers,  can  be  modeled  by  analysing  a  configuration  in  which  there  are  nc 
fibers  but  a  continuous  distribution  of  springs  restraining  the  two  crack  faces  (Budiansky 
and  Amazigo.  1989).  The  spring  stress  is  a  function  of  the  crack  opening  displacement  and 
is  zero  when  the  displacement  is  zero.  The  model  materia)  on  which  the  springs  act  is 
assumed  to  be  homogeneous  and  transversely  isotropic  with  elastic  constants  equal  to  those 
of  the  composite.  The  critical  energy  release  rate  is  modified  to  account  for  the  increase  in 
crack  area  due  to  the  absence  of  fibers.  Budiansky  and  Amazigo  used  this  model  lo  examine 
a  semi-infinite  crack  growing  through  an  infinite,  reinforced  material  where  the  fibers  break 
at  some  critical  fiber  stress.  This  condition  results  in  a  zone,  starting  at  the  crack-tip.  in 
which  fiber  bridging  is  contained.  This  zone  extends  back  lo  infinity  as  the  critical  fiber 
stress  becomes  large.  The  manner  in  which  an  “equivalent"  spring  strength  is  determined, 
so  that  the  fracture  toughness  is  the  same  for  the  model  as  it  would  be  for  the  fiber- 
reinforced  material,  is  the  subject  of  this  paper.  Budiansky  and  Amazigo  assumed  fiber- 
matrix  interface  conditions  in  which  sliding  occurs  when  the  interfacial  shear  stress  reaches 
a  maximum  value,  resulting  in  a  nonlinear  spring  stiffness.  Only  the  limiting  condition  of 
ideal  bonding,  in  which  the  spring  stiffness  can  be  expressed  as  a  linear  spring  constant,  is 
considered  here. 

Budiansky  and  Amazigo  used  a  shear-lag  model,  developed  by  Budiansky  ei  a/.  ( 1 986), 
to  determine  an  equivalent  spring  stiffness  for  their  model.  A  similar  method  was  devised 
by  Aveston  and  Kelly  (1973).  In  the  shear-lag  model,  a  representative  problem  is  examined 
in  which  a  fiber  is  concentrically  embedded  in  a  cylindrical  matrix.  The  ratio  of  fiber  and 
matrix  radii  is  chosen  so  that  the  fiber  volume  concentration  of  the  composite  is  preserved. 
It  is  further  supposed  that  all  axial  stresses  in  the  matrix  are  concentrated  at  an  intermediate, 
"effective"  radius  and  that  the  volume  of  matrix  between  this  effective  radius  and  the  fiber 
supports  only  shear  stresses.  The  effective  radius  is  chosen  through  complementary  energy 
considerations.  Alternatively.  Aveston  and  Kelly  defined  the  effective  radius  as  that  at 
which  the  axial  displacement  equals  the  average  for  the  matrix,  though  they  did  not 
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explicitl'  solve  tor  ii.  The  result  i •  an  approximate  si  muon  loi  iihei  am!  matrix  sticsscs  tar 
dow  nst  rear,  i  of  the  crack-tip  I  rum  which  an  equivalent  spring  stillness  can  i'e  determined 

The  assumptions  ot  the  shea:  lug  model  result  in  a  method  that  i'  adaptable  to  a  wide 
ranee  of  liber  matrix  interlace  conditions  These  include  ideal  K  mime.  sliding  with  constant 
frictional  stress.  Coulomb  frictional  sliding  iHutchuison  and  .lensen.  I'luiu.  and  non- 
frictional  debondmg  with  a  critical  de  bonding  encigv  release  rate  i  HiiJt.mskv  1 1  o!  i'*M>» 
At  the  same  time,  however,  u  has  no;  been  shown,  to  wh.it  extent  these  assumptions  ailed 
the  accuracy  of  the  results  I  or  example,  in  the  limit  as  liber  volume  coneentration  tends 
to  zero,  no  axial  load  is  transferred  between  the  liber  and  matrix  Thi'  indicates  that  there 
might  be  some  range  of  small  fiber  volume  eoneentrations  over  which  the  shear-lug  model 
is  unsuitable. 

Proposed  here  is  a  self-consistent  model  for  determining  the  equivalent  spring  constant 
in  fiber  crack-bridging  problems,  incorporated  into  this  model  is  the  method  for  analysing 
fiber  load-diffusion  problems  that  was  developed  b\  Slaughter  and  Sanders  (1991).  Also 
utilized  is  the  assumption,  made  h\  Budianskv  and  Amazigo  (  r.’Wi.  that  the  elastic  field 
in  the  composite  can  be  approximated  bv  a  homonenpnns  svstem  1 1  contrast  to  the  shear- 
lag  model  (which  mav  be  unreliable  for  small  concentrations),  the  issumptions  of  this 
model  tend  to  break  down  for  high  liber  volume  concentrations.  The  tv  o  models  should, 
therefore,  provide  a  good  check  on  each  other. 


suit  (INSIST!  NT  XfTK<  >\l\t  XTION 

Consider  a  semi-mf, nite.  plane  crack  driven  bv  an  average  lar-fteld  stress,  if.  The  crack 
grows  through  an  infinite  matrix  that  is  reinforced  bv  an  aligned  arrav  of  libers  The  libers 
are  normal  to  the  crack  plane  and  the  crack  is  presumed  to  grow  around  the  fibers,  leaving 
them  intact  in  its  wake  Downstream  of  the  crack  tip  the  elastic  field  approaches  that 
represented  in  Pig.  I .  In  this  three-dimensional  field .  the  libers  are  of  radius  a  and  the  fiber 
volume  concentration  is .  Both  the  fibers  and  matrix  are  homogeneous  and  isotropic,  linear 
elastic  solids  with  Young's  modulus  and  Poisson's  ratio  taken,  respective!;, .  to  be  £,  and  v, 
for  the  fibers  and  and  r„  for  the  matrix.  The  c-direction  is  defined  as  that  in  which  the 
applied  stress,  n.  acts  and  m  which  the  fibers  are  aligned,  i.c  normal  to  the  crack,  with 
r  =  0  at  the  crack  plane. 


o 


surlace 

h  ic  I  I  l.istu.  field  t.ir  behind  I  lie  er.iek-np  in  .1  fiber  er.ick  hrideine  problem  m  w  Inert*  he  fibers  ,m 
aliened  .nisi  rem.mi  unbroken  I  lie  libel  m.ilriv  intcrl.ice  i-  ideally  bonded 


Crack  bridging  model 


The  overall  elastic  response  of  an  ali:  ted  fiber  composite  can  be  expressed  in  terms  of 
transversely  isotropic  elastic  moduli.  A  theory  for  approximating  these  moduli,  for  an 
arbitrary  aliened  fiber  composite,  has  been  developed  using  self-consistent  arguments  (Hill. 
I *>65).  The  fixe  moduli  are.  in  this  instance,  most  conveniently  given  as  the  stillnesses  C 
C...  -  . C,  ,  and  CTj-  The  composite  Youngs  modulus  foi  axial  extension 


£.  =  C\.~  2(  \  (C.i-rC,;  I  5  </.  *(l  ~t  )E„  . 


will  also  prove  useful.  For  a  more  detailed  discussion  of  the  overall  elastic  moduli  see 
Appendix  A.  Referring  to  Fig.  1.  the  following  conditions  on  axial  displacement,  u.  and 
radial  and  axial  stress,  a,  and  <x:.  respectively,  are  noted  : 


! 

at  :  =  0 :  u  =  3  a".  =  0.  o.  —  6. 


at  r  -»  x  :  <rf  %  <rr  5;  0.  cr  %  Eir£.  <?.  =  E.l.  (1) 


where  £  =  d  E  is  the  uniform,  fa  field  axial  strain.  Matrix  quantities  are  denoted  by 
superscript  m  while  liber  quantities  are  without  denotation  and  represent  the  aver  >ge  over 
a  fiber  cross-section.  It  is  assumed  that  the  elastic  response  of  a  fiber,  in  an  aligned 
fiber  composite,  can  be  approximated  by  the  response  of  a  single  fiber  embedded  in  a 
homogeneous,  transversely  isotropic  material  with  elastic  moduli  equal  to  those  of  the 
composite 

The  contribution  to  the  far-field  axial  displacement,  due  to  the  passage  of  the  crack  in 
the  composite,  is  given  by 


n 

A  =  lim  (<:.  —tT)  dr. 
Jo 


(2) 


The  equivalent  spring  constant,  k.  that  is  needed  to  analyse  the  fracture  toughening  effect 
of  the  fiber  reinforcement,  using  Budiansky  and  Amazigo's  method,  relaies  this  dis¬ 
placement  to  the  far-iield  stress. 


<7  =  AA. 


(3) 


For  id;  il  bonding  of  the  fiber-matrix  interface,  k  depends  only  on  material  properties  and 
the  fiber  volume  concentration,  c.  This  spring  constant  can  be  used  to  model  the  effects  of 
fiber  crack  bridging.  More  specifically  ,  in  this  case,  it  is  assumed  that  the  effect  on  the  clastic 
response  of  a  fiber  in  the  composite,  due  to  crack  bridging  by  all  other  fibers,  can  be 
approximated  by  that  due  to  a  continuous  distribution  of  springs,  relating  normal  tractions 
to  surface  displacements  via  the  linear  spring  stiffness,  k. 

The  self-consistent  method  for  determining  A  makes  use  of  both  the  aforementioned 
methods  for  approximating  the  effects  of  discrete  fibers.  This  results  in  the  assumption  that 
the  reaction  in  one  of  the  fibers  shown  in  Fig  1  can  be  modeled  by  the  single  fiber  problem 
shown  in  Fig.  2.  In  this  problem  the  matrix  has  the  elastic  properties  of  the  fiber  composite. 
The  fiber  properties  remain  unchanged.  The  surface  at  r  =  0  is  restrained  by  the  linear 
springs  with  equivalent  spring  constant  A.  as  defined  above  A  polar  coordinate  system  is 
defined  with  r  measured  from  the  fiber  center.  This  leads  to  the  following  modifications  of 
the  conditions  given  in  eqns  (1 ) : 


\\  S  S;  U.  l.llf!  * 
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Fit  2  Self-consistent  approximation  to  the  fiber  crack -briviemv’  problem  Ttu  mains  h.x*. 
tr:tns\erse!>  isotropic  clastic  proper lie*  ot  the  hbci  matrix  composite 


at  r  =  0 . 

a  =  0.  tr?  =  An  "  .  r,  =  o. 

i 

ate  —  x 

a,  -  of  *  0.  a?  =6.  a  =  L 

E. 

-  G. 

r 

(4) 

along  with  the  observation  that  at  r  =  0 

lim  um  —  A.  (5) 

For  a  given  fiber  volume  concentration,  c,  which  spring  constant,  A.  will  cause  the  zero  fiber 
displacement  constraint  at  r  -  0.  given  in  eqns  (4).  to  be  satisfied'.’  A  similar  self-consistent 
model,  for  unbroken  ligaments  between  crack  faces  in  a  homo,  .meous.  isotropic  material, 
was  considered  by  Rose  (1987).  For  numerical  reasons  to  come  later  u  will  prove  advan¬ 
tageous  to  consider  the  inverse  form  of  this:  for  a  given  spring  constant  A  (and  given 
material  properties),  what  fiber  volume  concent  ration  <  will  cause  the  zero  fiber  displacement 
constraint  at  :  =  0  to  be  satisfied? 

The  elastic  field  shown  in  Fig  2  has  nonzero  components  at  tr.  rl  —  x.  This  is 
eliminated  by  superposing  a  uniform  compressive  strain  =  r.T  =  -»T.  of  =  -a, 
o-  =  —  Era  The  problem  becomes  that  shown  in  Fig.  3  Displacements  and  stresses  now 
vanish  at  infinity,  while  at  r  =  0 


x  =  —  A. 
<7"  =  All"'. 


This  superposition  facilitates  the  application  of  the  fiber  load-diffusion  analysis  method 
introduced  in  Slaughter  and  Sanders  ( 1991 ).  Fis  defined  as  the  load  on  the  end  of  the  fiber. 
For  a  given  k,  what  fiber  volume  concentration  <•  will  result  in  the  satisfaction  of  eqns  (6)7 


C  rack  bnJtMiic  nunic. 


Fig  3  Scir-comisicm  approximation  10  the  liber  crack  bnu^my  problem  piuN  the  *upCTpoMiwii  o! 
a  uniform  axial  strain  to  nuililv  lar-ncM  strewc* 


THE  EQUIVALENT  SPRING  CONSTANT 

In  solving  for  the  equivalent  spring  constant.  A.  in  Fig.  3.  the  model  for  load-transfer 
from  an  embedded  fiber  to  an  elastic  matrix,  introduced  in  Slaughter  and  Sanders  ( 1 991 ). 
is  adopted.  The  fiber  is  approximated  as  an  axisymmetric.  elastic  rod  with  axial  stress  rr... 
Shear  strains  in  the  fiber  are  ignored  and  c,.  =  r...  a,  =  c.  and  a.  are  functions  of  r  only. 

Constitutive  equations  for  the  fiber  reduce  to  the  following. 

a.  =  £,<:.  +  2  v,  o,.  (7) 

Ef£i,  +  v,Et£.-(]  -2v, )(1  +v,)<7r  =  0  (8) 


Forces  acting  on  the  fiber  arc  an  applied  load  F.  at  the  fiber  end.  and  bonding  tractions 
with  the  matrix,  t  =  x™(a, c)  and  a,  =  a™(u.z).  along  the  fiber-matrix  interface  at  r  =  a. 
The  fiber  is  in  equilibrium  if.  for  all  r  ^  0. 


ruro.  -f  2rut  r  dr'  =  F. 


(9) 


The  fiber  quantities  c„.  c,  and  t;:  remain  to  be  related  to  quantities  in  the  matrix. 

In  contrast  to  the  problem  ofload-transfer  from  a  single  fiber  to  a  semi-infinite  matrix 
analysed  in  Slaughter  and  Sanders  (1991).  compressive  normal  tractions,  nr)  =  -<r!r<r.O). 
act  along  the  surface  of  the  mattnx  at  r  =  0  where 

Hr)  =  —  Ah  n,(i.  0).  (10) 


Over-all  equilibrium  for  the  fiber-matrix  system  requires  that 


W  s  siAit.nriK 
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2"  j  IU  )i  dr  /  (III 

In  addition,  i he  maim  is  trunwcrsely  isotropic  with  clastic  moduli  (  .  (  .  <  (  and 

C'44.  Elliott  (  I44S.  IWl  showed  how  the  elastic  held  in  such  a  material  can  he  expressed 
in  terms  of  two  ‘  harmonic  "  functions.  <•>  and  where 


0.  —  0. 


(/  =  1.2). 


(121 


and  p,  and  p:  are  the  roots  of 

C!,C44n:^[C;(2C44.Cl>)-CilC,>]/i  +  r1,CJJ  =  0.  (13) 

For  axially  symmetric  fields 


i  r~  r  Cr 

and  the  radial  and  axial  displacements,  u  and  u .  respectively,  arc  given  by 

<<t>  i  (4>:  C'4>  i  <<P: 

U  —  .  )l'  =  K  j  ■,  K  ' 

cr  cr  ci  '  cz 

where 


K, 


C  nP,  —  C 

C|  )  +  C 44 


a  =  i.2). 


(14) 


(15) 


(16) 


The  roots  of  eqn  (13)  are  either  real  and  positive,  in  which  case  4>,  and  </>;  are  real,  or  they 
are  complex  conjugates,  in  which  case  and  <j>:  are  complex  conjugates  as  well. 

The  elastic  field  in  this  problem  is  approximated  by  that  due  to  a  point  force  of 
magnitude  F.  acting  at  the  origin  in  the  negative  r-direction.  along  with  distributions  along 
the  r-axis  of  point  forces  and  point  dilatations. /He)  and  q(z).  and  the  traction  distribution. 
t(r).  The  point  forces  are  in  the  negative  ; -direction  and  the  point  force  distribution  must 
be  self-equilibrating; 


In  terms  of  the  Elliott  harmonic  functions,  this  approximate  field  is  expressed  as 


4><  = 


'<f>/V.;.C)[Fd(0  +  p(C)]+<^V.-.  C)?(C)}  d;  +  tt>Ur*:.p)<(p)dp.  (/ =  1.2). 


(18) 


w  here  C)  and  4>*(r, 2)  are  the  elastic  solutions  at  (r. :)  for  a  point  force  and  a  point 

dilatation,  respectively,  acting  at  (0.0  and  tf(r.;,p)  is  the  elastic  solution  at  (r. :)  for  a 
ring  of  point  forces  at  (p.0).  <5(r)  is  the  Dirac  function.  Sec  Appendix  B  fora  more  detailed 
discussion  and  explicit  expressions  for  these  and  following  kernel  functions.  4> ,A  and  d>r‘  arc 
well  behaved  analytic  functions  for  r  ^  0.  has  an  mtegrabie  singularity,  when  z  =  0.  at 
r  =  p.  Asa  result,  the  elastic  field  given  by  eqn  (18)  has  real,  analytic  displacements,  strains, 
and  stresses  when  r^0.  Each  of  these  quantities  is  expressible,  through  eqns  (15)  and  (18). 
as  integrals  of  known  kernel  functions  times  the  unknown  distributions. 
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The  governing  equations  for  this  problem  are  (8).  (9)  and  (10).  Over-all  equilibrium 
of  the  problem,  eqn  (11).  and  the  self-equilibrating  condition  on  the  point  force  distribution, 
eqn  (17).  offer  additional  constraint  on  the  solution.  Equation  (7)  is  used  to  eliminate  c: 
from  (9).  In  order  to  express  the  governing  equations  in  terms  of  the  unknown  distributions, 
the  fiber  quantities  e„.  a,  and  i.  need  to  be  related  to  quantities  in  the  matrix.  Following  the 
method  in  the  solution  of  the  single  fiber  prohlem  (Slaughter  and  Sanders.  1991 ). 
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=  »'(</. r). 
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o,  =  c?{a.z). 


CO) 


For  the  axial  fiber  strain. 


£.  =  zf(a.  r). 


Cl) 


when  used  in  eqn  (8).  while 
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f  /—:YI 

1  —erf  — ' 

Jo 

L  V  a  /_ 

[FdQ +/>(:)]  d:  +  c.m(tf-o).  (22) 


when  used  in  eqn  (9).  where  H( r)  is  the  Heaviside  step  function.  The  relation  (22)  com¬ 
pensates  for  the  discontinuity  in  axial  strain  in  the  fiber  across  an  applied  step  loading.  The 
discontinuity  is  necessary  under  the  elastic  rod  approximation  if  <rf  is  assumed  to  be 
continuous. 

Using  the  relationship  between  fiber  and  matrix  quantities,  established  in  eqns  (19) 
through  (22).  and  the  expression  for  the  elastic  field  in  the  matrix,  eqn  (18).  the  governing 
equations  can  be  rewritten  as  coupled  integral  equations  for  the  unknown  distributions 
p(z).  q(z)  and  i(r).  Non-dimensionalizing  in  a  and  Fsuch  that  k  =»•  E{k;a, 

j^/>(;)d;+J  [ru(r.C)p(C)+ri;(r.C)9(s)]dC+ r,,(r.p)f(p)dp «  -r,,(_-.0). 


(23) 


[r : , (z. ;)po + r -c. d; 4-  j  r:,(z.p)/(p)dp  =  -r:i(z.o>.  (24) 


J  [r,,(r.:)/>(;)-t-r,,(r.;)^(;)]d;+ ^ t(r)+ rv1(r.p)/(p)d/»  =  -rM<r,0).  (25) 

where  the  kernels  ri(,  (x./?=  1.2.3)  are  real  functions.  See  Appendix  B  for  explicit 
expressions  for  the  kernels  and  non-dimensionalizations.  All  subsequent  expressions  are  in 
non-dimensional  form.  To  solve  for  the  distributions,  the  system  of  coupled  integral  equa¬ 
tions  (23).  (24)  and  (25)  is  reduced  to  a  set  of  discrete  linear  equations.  The  integrals  are 
approximated  using  the  mapped  Gauss -Legend re  rule  and  each  equation  is  enforced  at  the 
quadrature  points,  in  accordance  with  the  Nystrom  method  (Delves  and  Mohamed.  1985). 
The  constraints  (II)  and  (17).  which  in  non-dimensional  form  are 
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are  added  to  this  set  of  linear  equations.  The  icsiilimg  -system  exhibit'  some  ili-posed 
tendencies  due  to  the  nature  of  the  integral  equations.  These  problems  are  dealt  with  by 
using  singular  \alue  decomposition  tSVDl  to  solve  the  set  of  linear  equations 

To  solve  for  the  liber  volume  concentration,  t.  that  corresponds  to  a  given  spring 
constant.  A.  requires  an  iterative  approach  The  transversely  isotropic  material  stiffnesses 
of  the  matrix  depend  on  <  inti,  therefore,  so  do  the  kernel  functions.  T,  o t./J  =  1.2.  7).  If 
an  estimate  of  e  is  used  and  the  distributions  solved  for.  then  a  new  estimate  for  <  can  he 
calculated  front  the  definition  of  the  load  applied  to  the  end  of  the  liber  jeqn  (hi) 


-  A  A 


-(£> 


(28) 


where  A  =  u"  (1.0)  and 


»r"’(  1 .0)  —  T  •,  ,(r.  ())+  j  [r-.d'.2)/>i;')  +  r:;(r.2)r/(2l]d2-t-  J  T  -.  s(r.  dp.  (29) 

Equation  (29)  is  theoretically  equivalent  to  n .  0)  =  -  7t/(r)  A  but  converges  more  steadily 
during  numerical  analysis.  In  this  wav .  the  estimate  for  <•  is  refined  until  there  is  convergence. 

The  results  from  this  analysis  are  compared  with  those  from  the  shear-lag  model 
(Budtansky  and  Amazigo.  1989)  in  the  instance  that  the  fiber  and  matrix  remain  ideally 
bonded.  In  addition,  in  the  limit  that  fiber  and  matrix  elastic  properties  arc  the  same, 
comparison  can  be  made  with  Rose's  analysis  for  unbroken  ligaments  bridging  the  crack 
faces  (Rose.  1987)  as  well  as  with  an  analysis  of  crack  bridging  by  particulate  reinforcements 
(Budiansky  ct  a/..  1988).  Comparisons  for  the  case  w  hen  fiber  and  matrix  elastic  properties 
are  the  same  are  shown  in  Fig.  4  and  those  for  dissimilar  fiber  and  matrix  elastic  properties 
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fig  4  The  equivalent  -pone  amount  versus  liber  volume  concentration  tn  ihc  homogeneous  limit 
when  the  liber  anti  matrix  etaolu  properties  coincide  In  addition  to  the  sclt-consiolenl  model,  results 
from  ihe  shear-lag  model  t Budianokv  and  Anui/igo.  |QK9».  a  particle  crack-bridging  analysis 
(Budianshy  <-i  n! .  IdXX).  and  a  ligament  craeh -bridging  analysis  (Rose.  I4X7)  arc  plotted 
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Fig  5  The  equivalent  spring  constant  versus  liber  volume  concentration  for  the  sell  consistent 
model  and  the  shear-lag  model  t  Budtanskv  and  A  man  go.  |9X9i  when  the  ratio  of  the  liber  to  mo.  r". 
X  oung's  moduli  is  2  and  hoth  Poisson's  ratios  are  1  4 


are  shown  in  Figs  5-7.  It  is  noted  that  v  ariations  in  the  Poisson's  ratio  of  either  the  fiber 
or  matrix  hav  e  little  effect  on  am  of  these  models.  The  following  parametric  curve-fitting 
equation  approximates  the  results  from  the  self-consistent  model  for  the  equivalent  spring 
constant  as  a  function  of  fiber  volume  concentration 


k  =  2c(  1  -  c)  .  (30) 

where 


Plots  of  this  approximate  formula  are  given,  along  with  results  from  the  self-consistent 
analysis,  in  Fig.  8. 


Fig  (j  The  equivalent  spring  constant  versus  liber  volume  concentration  for  the  self-conststenl 
model  and  Ihe  shear-lag  model  ( Budtanskv  and  Amaxtgo,  19X9)  when  the  ralto  of  the  fiber  to  matrix 
Young's  moduli  is  3  and  hoth  Poisson's  ratios  arc  1  4 
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Fig.  7.  The  equnalent  spring  constant  versus  fiber  volume  concentration  for  the  self-consistent 
model  and  the  shear-lag  model  <Budun>k>  and  Anwigo.  19&4;  when  the  ratio  of  the  ft  be*  to  rrutm 
Young's  moduli  is  4  and  both  Poisson's  ratio*  are  1  4 


CONCLUDING  REMARKS 

It  can  be  seen  in  Fig.  4  that,  in  the  homogeneous  limit  of  equivalent  fiber  and  matrix 
material  properties,  the  self-consistent  model  is  in  agreement  with  other  available  models. 
Surprising!),  the  model  developed  bv  Rose  (1987)  for  crack  bridging  bv  equiaxed  ligaments, 
which  is  conceptual!)  most  like  the  self-consistent  model,  exhibits  the  greatest  divergence 
in  results.  This  is  due  to  different  assumptions  on  how  discrete  crack-bridging  ligaments 
can  be  modeled  by  continuous  spring  distributions  and  how  the  resulting  single  ligament 
problem  (or  single  fiber  problem  in  this  paper)  is  approximate!)  solved,  Both  the  shear-lag 
model  and  the  particulate  reinforcement  model  agree  fairly  well  with  the  self-consistent 
model. 

An  examination  of  Figs  5-7  shows  that  the  self-consistent  and  shear-lag  models 
continue  to  give  closely  matched  results  throughout  the  range  of  material  properties  con¬ 
sidered.  The  proposition  that  the  two  might  be  best  applied  to  different  ranges  of  fiber 
volume  concentrations  is  not  borne  out.  The  results  shown  here  indicate  that  either  model 
would  be  suitable  for  the  full  range  of  concentrations.  Ease  of  use  suggests  that,  as  long  as 
only  ideal  bonding  of  the  fiber-matrix  interface  is  considered,  the  parametric  equation  (30). 
derived  from  the  self-consistent  model,  may  prove  more  convenient.  It  should  be  noicd. 
however,  that  effective  toughening  in  fiber-reinforced  ceramics  is  seen  to  be  associated  with 
debonding  of  the  fiber-matrix  interface  and  fiber  pull-out.  The  shear-lag  model  continues 
to  enjoy  a  considerable  advantage  in  calculating  the  nonlinear  spring  stiffnesses  that  follow 
from  these  conditions.  These  results  serve  to  confirm  the  reliability  of  the  shear-lag  model 
when  extended  into  problems  of  complicated  fiber-matrix  interface  conditions. 


Fig.  6.  liie  equivalent  spring  constant  versus  fiber  volume  concentration  for  the  sell-consistent 
model  and  the  parametric  curve-lilting  equation 
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APPENDIX  A 


Approximate  composite  t  histle  moduli 

Hill  (19651  used  a  self-consistent  mode!  to  determine  approximately  the  composite  elastic  moduli  of  tiber- 
remlorced  materials  This  approximation  is  independent  of  the  spatial  arrangement  of  the  fibers  The  only 
requirement  is  that  the  fibers  be  perfectly  aligned  and  the  composite  exhibit  statistical  homogeneity  Hill  showed 
further  that  the  results  from  this  model  fall  within  bound’  established  as  the  best  possible  without  considering 
detailed  geometry  (Hill.  1964)  The  composite  is  transversely  isotropic  with  rigidity  for  transverse  shearing  over 
any  axial  plane,  rj :  plane-strain  hulk  modulus  for  lateral  dilation  w  ithout  fiber  extension.  ;  :  Young's  modulus 
and  Poisson's  ratio  under  uniaxial  loading.  £  and  v„  ;  and  rigidity  for  longitudinal  shearing  over  any  axial  plane. 
G.  The  shearing  rigidities  are  given  by  the  positive  roots  of 
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where  subscript  f  and  m  signify  liber  and  matrix  moduli,  respectively,  which  for  isotropic  materials  are  given  in 
terms  of  the  isotropic  3  oung's  moduli.  £.  and  Poisson's  ratio.  \ .  by 
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Using  the  result  from  (Al  l  then  the  remaining  composite  moduli  are 
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In  terms  of  the  moduli  used  by  Hill  the  stiffnesses  arc 
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.APPENDIX  B 

Singular  soluiwn*  in  a  transi  cneh  tugrnpn  (7m In  lm!l-\paw 

The  solution  lor  a  point  force  acting  in  a  transversely  isotropic  half-space  has  been  previously  studied  (Shield. 
1951).  The  solution  for  a  unit  force  acting  at  (r.ei  =  (d,‘>  in  the  negative  .--direction  as  required  in  eqn  (18)  is 
given  by 
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Recall  the  dehnitions  of  /<  and  s  in  cqns  ( 15)  and  ( lb) 

No  solution  for  a  point  dilatation  was  found  in  the  literature  Therefore,  with  the  nature  of  the  self-consistent 
model  considered,  a  unit  point  '  dilatation'  at  (0.  .j  is  defined  such  that  the  net  normal  displacement  through  an 
infinitely  long  circular  cylinder,  with  ccntroidal  axis  coincident  with  the  r-axis,  approaches  unity  as  the  radius 
approaches  zero  The  elastic  field  is  axisymmelric  This  condition  is  not  sufficient  to  define  a  unique  solution  The 
solution  used  in  this  application,  chosen  for  convenience,  is 
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The  solution  lor  a  circular  ring  of  compressive  normal  iracnons  ol  laviius  >■  on  :iic  'UMacc  :  t'  c.nr  he 
derived  Ironi  ihc  point  force  solution  |eqrt'  (HI  I  and  lB2>|  The  resulting  elastic  livid  is  given  hv 
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In  I  A  .  —  r  )i>  do. 


w  here 
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This  ring  has  a  nci  force  of  2*f>. 


Expression*  tor  required  elastic  quantities 

Listed  below  are  those  elastic  quantities  that  are  needed  for  the  implementation  ol  ihe  self-consistent  model 
Thev  are  given  in  terms  of  the  Elliott  "harmonic”  functions  o,  and  0:  as  defined  in  eqns  ( I2i  (Ho 
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Non- dimensional  nations  and  kernels  for  the  coupled  integral  equations 

The  kernel  functions  for  the  three  integral  equations  (23)  (25)  are  arrived  at  bv  substituting  (BI4)-|B17) 
[with  0,  and  <#> -  given  b_v  ( 18)]  into  the  governing  equations  (8)  ( 10)  using  the  fiber  matrix  relations  ( l9)-(22) 
To  non-dimcnsionalize  with  a  and  A  the  following  substitutions  are  made : 
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The  resulting  expressions  for  the  kernel  functions  are 
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Damage  Mechanisms  and  the  Mechanical  Properties  of  a 
Laminated  0/90  Ceramic'Matrix  Composite 

Douglas  s.  Bcvt-rlc  *  V  Mark  Spearing  and  Anthonv  (■  I  vans* 
Materials  Dip.irlimiit  (  ntlcgc  ut  I  ngim-crmi;  I  imcrsitv  of  (  alifonna  s.int.i  fiarli.ir.i  <  .ilihirm.i  "sioo  >(n» 


The  tensile  properties  ol  a  tl/90  laminated  CAS  matrix  eoin- 
posite  reinforced  with  Nicalon  fitters  hare  been  measured. 
Some  effects  of  notches  have  also  been  explored.  Changes  in 
modulus  and  permanent  strain  caused  hr  matrix  cracking 
have  been  measured  and  compared  with  available  models. 
For  this  comparison,  independent  measurements  have  been 
made  of  the  constituent  properties  and  the  residual  stress. 
The  ultimate  tensile  strength  has  also  been  measured  and 
compared  with  a  global  load-sharing  model.  It  is  concluded 
that  lower-bound  matrix  cracking  models  provide  good  pre¬ 
dictability  of  the  stresses  at  which  various  matrix  cracking 
mechanisms  first  operate.  Also,  the  ultimate  tensile 
strength  is  found  to  he  consistent  with  a  global  load-sharing 
model,  based  on  the  in  silu  strength  properties  of  the  fibers. 
Conversely,  the  evolution  of  matrix  cracks  at  stresses  above 
the  lower  hound  has  vet  to  be  adequately  modeled.  In  addi¬ 
tion,  a  need  is  identified  for  improved  models  relating 
elastic  properties  and  permanent  strains  to  matrix  crack 
spacing. 

I.  Introduction 

Tm  macroscopic  tensile  properties  of  unidirectional  con¬ 
tinuous  fiber-reinforced  ceramic  matrix  composites  (CMC) 
have  been  extensively  studied  and  related  to  the  in  situ  proper¬ 
ties  o)  the  liber,  matrix,  and  the  liber  coating  '  "  The  main  effort 
has  been  concerned  w  ith  clarify  ing  the  role  of  the  interlace,  in 
terms  of  the  fiber  coating,  and  relating  its  properties  to  those  of 
the  composite  "  There  has  been  a  more  limited  effort  attempting 
to  relate  the  mechanical  performance  of  2-D-reinforced  CMCs 
to  the  constituent  properties.  Preliminary  attempts  were  made 
on  a  (P90  laminated  glass  ceramic  matrix  composite  (liihium- 
alumtno  silicate.  LAS)  reinforced  with  Nicalon  fibers.'"  but 
with  limited  attention  given  to  relationships  between  the  macro¬ 
scopic  composite  properties  and  the  in  situ  properties  of  the 
constituents.  More  recently,  progress  has  been  made  on  woven 
composites,  consisting  of  Nicalon  fibers  in  C-based  matrices." 
The  intent  ot  the  present  article  is  to  conduct  a  comprehensive 
study  that  relates  the  macroscopic  properties  of  aO'W  laminate 
to  the  in  situ  constituent  properties.  The  material  of  choice  is  a 
calcium  alununo  silicate  (CASi  reinforced  with  Nicalon 
libers.'  because  many  ol  the  salient  in  situ  properties  ol  this 
composite  system  have  been  obtained  trom  measurements  per¬ 
formed  on  a  unidirectional  material  processed  in  the  same  man¬ 
ner’'  The  principal  objectives  of  this  study  arc  to  measure  and 
rationalize  the  tensile  properties  along  one  ol  the  liber  direc¬ 
tions  and  to  pros  ide  preliminary  information  on  the  influence  ol 
notches. 

The  macroscopic  properties  of  primary  interest  arc  the  elastic 
moduli  and  permanent  strain  las  influenced  by  the  applied  load) 
and  the  ultimate  tensile  strength  The  constituent  properties 
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having  relevance  to  these  macroscopic  quantities  < summarized 
in  Table  I)  include  the  interfacial  sliding  stresses,  t,  :  the  elastic 
properties  of  the  liber  and  matrix.  E,  and  the  liber  radius.  K. 
the  m  situ  fiber  strength.  S the  matrix  Iraeture  energy.  I',,:  and 
the  mist'll  x arum.  il.  w  hkh  indiailcs  the  residua)  stresses  Some 
ol  the  basic  formulae  relating  the  lined'  properties  ol  the  lami¬ 
nated  composites  are  summarized  in  Table  II  The  correspond¬ 
ing  relationships  lor  the  nonlinear  composite  properties  are 
subject  to  information  about  the  dominant  damage  mecha¬ 
nisms  Assessment  of  such  mechanisms  involves  experiments 
that  observe  and  monitor  the  dominant  damage  phenomena. 
Such  experiments  are  conducted  in  this  study  and  damage  mod¬ 
els  are  used  to  rationalize  the  measured  nonlinear  properties 

II.  Experimental 

( l )  Procedures 

Experiments  were  conducted  on  a  CAS  matrix  composite 
reinforced  with  Nicalon  fibers  in  a  crossply  [((I4(lt1.|  configu¬ 
ration  provided  by  Corning.'-  The  nominal  ply  thickness. 
t  -■  ISO  ji.ni  All  test  specimens  were  cut  from  150-mm  ■ 
130-mni  ■  3  I -mm  plates  len\ile  '/><•<  um  io  were  prepared  by 
machining  beams  having  dimensions  1st)  mm  -  3  mm  >  3  I 
mm.  followed  by  polishing  Aluminum  tabs  were  bonded  to  the 
ends  to  ensure  uniform  load  transfer  and  lo  avoid  crushing  ol 
the  specimen.  Strains  were  measured  along  a  gauge  length 
using  an  axial  extensometer  in  contact  w  ith  the  specimen  An 


Table  II.  Formulae  for  Linear  Properties  of  Laminate 
_ ((,,  =  k,,  =  /> _ 

Composite  modulus. /.  -  l  - 
Residual  stress.  ir„  -  i  Z 
Stress  on  longitudinal  plies.  <r,  -  of.,  I 
Stress  on  transverse  plies,  o,  -  of, ,  f. 
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jcoustis  emission  technique  un.l  .1  traveling  microscope  were 
emploved  tn  monitor  damage  Several  tests  were  performed 
with  cither  partial  or  lull  unloading  .  oiulucted  at  discrete  strain 
intervals.  .0  needed  In  determine  Ilia  change  in  unloading  mud- 
n In v  and  tha  permanent  strain,  as  a  lunation  ot  applied  stress 
Some  specimens  were  edge-notched  Using  a  diamond  saw  pr.ot 
to  testing.  in  orde:  to  aseertatn  the  notch  properties  l  nloaded 
speeimens  and  Iraeluie  surlaees  were  eharaeteri/ed  in  the  scan- 
tnni:  eleetron  microscope  (SI. Mi 

Two  types  ot  lit  until  tea  were  conducted  to  explore  both 
tensile  and  shear  damage  l  ot  the  studs  o!  tensile  behavior.  the 
flexure  beams  were  typically  55  mm  •  >nim  ■  a.  I  mm.  and 
the  tests  were  conducted  in  tour  point  bending.  with  inner  and 
outer  spjns  ol  20  and  Jo  mm.  respectively.  One  side  face  and 
the  tensile  lace  were  polished  to  enhance  microscopic  imagine 
To  detect  damage,  experiments  were  performed  in  situ  within 
an  optical  microscope.  Photomicrographs  were  taken  under 
load  at  a  series  ot  stress  levels  in  order  to  document  the  forma¬ 
tion  and  propagation  ot  damage,  such  is  matrix  cracks  In  some 
eases,  the  loading  was  interrupted  and  then  resumed  to  failure 
To  investigate  the  shear  characteristics,  short  flexural  beams 
(25  mini  were  used  .Again,  the  side  faces  were  polished  in 
order  to  investigate  the  damage  in  situ  in  the  SEM.  Interrupted 
tests  were  also  used 

A  lew  specimens  were  used  10  measure  the  residual  stress 
For  this  purpose,  a  series  of  crossplx  laminate  bend  specimens 
were  mounted  on  a  steel  plate  and  surface  ground  until  only  two 
laminae  la  single  90  layer  and  single  0  layer)  remained.  Upon 
removal  from  the  mount,  bending  occurred  and  the  radius  of 
curvature  was  measured  The  residual  stress  was  ascertained 
from  the  curvature,  using  beam  theory  (Appendix  A.  Eq 
t  A-4)t. 

(2)  Measurements  and  Observations 

IA)  Tensile  Behavior:  Tensile  stress  strain  curves  had  the 
features  illustrated  in  Fig  I  Nonlinearity  occurred  at  stresses 
in  the  range  40-60  MPa.  following  an  initial  tenstle  modulus. 
E  -■=  1  (K)  GPa,  with  an  ultimate  strength  of  S„  =  230  i  20 
MPa.  at  a  tensile  strain  to  failure,  e,  =  0.85i.  Corresponding 
changes  in  tensile  modulus  obtained  by  partial  unloading  by  25 
MPa.  as  well  as  in  permanent  strain,  are  indicated  on  Fig.  2 
Acoustic  emission  events  first  occurred  within  a  stress  range 
similar  to  the  onset  of  nonlinearity.  Flexural  measurements 
obtained  with  long  beams  exhibited  similar  characteristics, 
with  a  nonlinearity  at  about  60  MPa  and  an  ultimate  strength  of 
about  320  MPa  Optical  observations  perlormed  m  situ  (Fig  3) 
are  summarized  on  Fig  4  Matrix  cracks  first  developed  at 
stresses  between  40  and  50  MPa  In  all  cases,  the  hrst  cracks 
were  observed  in  the  centra I  90  90  double  liner  and  always 
spanned  the  entire  double  ply  but  arrested  at  the  9(H)  interfaces 
Upon  increasing  the  stress  to  about  50-60  MPa.  matrix  cracks 
appeared  abruptly  in  all  other  90'  plies  and  additional  matrix 
cracks  developed  in  the  central  ply  Again,  these  cracks 
spanned  the  entire  ply  hut  arrested  at  the  laminae  interfaces  at 
. W I  MPa.  The  crack  spacing  L  in  the  single  90'  layers  was  sub¬ 
stantially  less  than  the  crack  spacing  in  the  central  double  90° 
ply.  Matrix  cracks  in  alternating  90'  layers  were  never  coplanar. 
but  always  offset 

Upon  increasing  the  stress  to  about  70-80  MPa.  no  further 
cracking  was  observed  in  the  90  layers,  as  indicated  by  a  plot 
ot  the  inverse  crack  spacing  t  L  with  stress  (Fig  5i  Flowever, 
the  preexisting  cracks  began  to  extend  into  the  adjacent  0C  lay¬ 
ers  This  process  occurred  stably  with  increasing  stress,  with 
out  obvious  fiber  failure  At  higher  stress,  around  1 10  MPa.  the 
extended  matrix  cracks  overlapped  in  the  0°  layers.  Eventually, 
at  1 70  MPa.  these  cracks  entered  the  adjacent  90=  lasers  (Fig. 
3(C))  and  reoriented  toward  preexisting  cracks  At  this  stage, 
tew  fiber  failures  were  visible.  Alter  testing  to  failure,  the  aver¬ 
age  crack  spacing  d  in  the  O  '  layers  was  —  150  gun  compared 
w  ith  a  spacing  /.  tn  the  single  90  layers  of  -  200  p.m  and  —300 
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fie  I.  Tensile  stress  str.ur  .'tixe  lot  the  uau  rn.iten.ii  .omparcJ 
that  fi'i  unidirectional  material 


pun  in  the  double  90  layers  tFig  hi  The  saturation  crash  spac¬ 
ing  observed  in  unidirectional  material  was  103  pm 

Subsequent  to  tensile  failure.  SEM  examination  resealed  a 
relatively  planar  mode  I  fracture,  with  extensive  pullout  of  the 
fibers  within  me  0  plies  (Fig  7>  An  Measurement  ot  the  pull¬ 
out  lengths  h  gave  the  distribution  summarized  in  Fig  7(B). 
with  an  average  value,  h  =  285  pm  (similar  to  that  lound  lor 
unidirectional  material' >. 

The  notch  characteristics  are  dominated  by  multiple  delam¬ 
inations  that  occur  trom  the  notch  tip  (Fig  81  The  nominal 
energy  release  rates  associated  with  the  extension  ot  these 
delamination  'racks  are  thus  relatively  large  and  exceed  those 
found  for  0'%  LAS  composites 

Double-layer 0/90  laminae  (prepared  tor  revtduaJ  stress  mea¬ 
surements.  as  described  above)  were  lound  to  have  radii  ot  eut- 
vature  in  the  range  450-800  mm.  The  residual  stress 
determined  from  this  curvature,  using  beam  theory  (Appendix 
A.  Eq.  4  A— 4 ) )  is  crR  =  25  -  5  MPa. 

(Bl  Shear  Behavior:  The  nominal  shear  stress  displace¬ 
ment  curves  measured  on  short  beams  m  flexure  exhibit  nonlin 
canty  at  a  shear  stress  of  about  50  MPa  and  a  peak  shear  stress 
of  about  85  MPa.  The  first  shear  damage  to  be  observed  con¬ 
sisted  of  a  few  matrix  cracks  that  extended  through  both  the  0 
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Applied  Stress  (MPa) 

Fig.  2.  Chances  with  applied  stress  in  unloading  tensile  modulus 
upon  partial  unloading  bv  25  MPa  am)  permanent  sira.n 
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Fig.  3.  Matrix  cracks observed  in  situ  in  the  optical  microscope  i  A i  stressed  to  "M  Ml\i  'it 1  stressed  to  ! ~i i  Mfl.i 


and  90  pltcs.  at  an  inclination  of  —  35  (Fig.  9(A))  However, 
these  cracks  originated  from  previously  tormed  .ensile  matrix 
cracks  At  higher  stresses,  damage  tended  to  concentrate  tn  the 
matrix-only  region  (Fig  9'R)>.  manifc.t  as  an  en  echelon  crack 
array.  inclined  at  ~68  These  cracks  eventually  coalesced, 
leading  to  shear  failure  by  fragmentation  of  the  matrix-only 
layer  Analogous  behavior  has  been  docun  nted  lor  untdtt^.- 
ttonal  LAS  composites  u 

III.  Models  of  Damage  and  Failure 

The  nonlinearity  in  the  stress  strain  curves  found  upon  ten¬ 
sion  and  shear  testing  max  be  governed  by  the  matrix  cracks. 
whereas  the  ultimate  tensile  strength  should  be  dominated  by 
the  properties  of  the  fibers  and  interfaces,  subject  to  weukest- 
I ink  statistics.  In  order  to  simulate  the  mechanical  properties 
dictated  by  matrix  cracks,  two  types  are  of  interest:  in  tunnel¬ 
ing  cracks  in  90*  layers  and  (tn  normal  matrix  cracks  in  O’  las¬ 
ers  For  both  types,  it  is  nccessat »  to  dcVTnnr. :  the  applied 
loads  that  cause  the  cracks  to  form  (subject  to  residual  stresses), 
as  well  us  evaluate  their  influence  on  the  elastic  moduli  and  the 
permanent  strain  Analyses  of  these  .fleets  are  p.esented 
below. 

<1  >  Tunneling  Cracks  in  90°  Layers 

'A)  Tensile  Loading:  Analyses  ol  tunneling  cracks  ‘  "  pro¬ 
vide  the  background  needed  to  predict  the  formation  ot  cracks 
in  the  90  lasers  Tunneling  cracks  arise  when  flaws  preexist 
that  span  the  layer  thickness  and  then  propagate  along  the  lay  er 
(Fig  I0( A ll.  Such  initial  flaws  are  expected  in  CMCv  espe¬ 
cially  at  edges,  caused  by  the  combined  ettecis  ol  machining 
and  thermal  exnartsion  niislit  stresses  The  principal  teature  ot 
tunneling  cracks  ot  present  relevance  is  the  existence  ol  a  />>u 
er-hnund.  steady -stale,  cracking  stress  it.,  that  relates  explic¬ 
itly  to  the  layer  thickness,  r.  through  the  nondimensional 
function 

tn  f  ,T  -  y<\i  'li 

where  \  is  an  elastic  mismatch  parameter. 


y  =  it,  -  £';)(£, 


E  =  £  1 1  -  t-  i 

with  the  subscripts  l.  and  T  referring  to  longitudinal  and  trans¬ 
verse  plies,  and, ir( x *  is  the  mnction  plotted  on  Fig  Hi'Bi  I 
is  the  energy  lor  matrix  cracking  in  the  transverse  layers,  given 
by 

I.  =  III  -  /i  i x i 

w  ith  /  being  the  hbe.  concentration  The  relevant  critical  stress 
in  the  transverse  liners  <j,  (which  arises  from  the  applied  loads, 
plus  the  thermal  expansion  mtstit)  ts  given  by 

o,  =  £,ur  +  f  ,£j  i  L  i4i 

where  F,  is  the  mistu  strain  between  the  longitudinal  and  trars- 
verse  plies  (which  is  related  to  the  residual  stress.  <r*.  Table  II  t 
and  it  is  the  applied  stress.  The  magnitude  of  the  applied  sires' 
at  which  tunneling  cracks  first  occur,  rr  ,  can  oc  derived  hv 
equating  rr.  to  o. : 

rr  =  It:  Ei )[  e£ , i  r  /]’  “  i  ,£, 

-  E[vl ,  £,r)  -  <t yt.  /. ,  (5 1 

The  relevant  magnitudes  of  the  elastic  modulus  /.  and  /., 
require  some  discussion  The  magnitude  ot  £, .  being  indepen¬ 
dent  ol  the  interface  pioperties.  ts  wcll-uehned  and  given  hs 

£;  =  IT..  +  il  -  /)£  i hi 

However.  £  depends  on  the  interlace  and  the  expansion  mistu 
but  m  general  can  be  expressed  as 

/  -  t  i  I  -  /[■£;.£  -  1)1/  ,/...  -  (9,j  j 

j  i  -  (9  !<£..£..  •  I ) -  (fi]j 

where  depends  on  the  spatial  arrangement  of  the  libers  hut 
typically  has  magnitude.  (4  12  11  the  fiber  and  the  matrix  are 

in  muiujl  contact,  cither  because  the  interfaces  are  bonded  or 
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KiS.  4.  Scholium  indicjline  Ilk-  sequence  ol  matrix  crackine  bused 
on  direei  ohscrvalmnsol  ihe  tvpc  indieuied  on  he 


because  thes  are'  subject  to  a  net  compression  (residual  plus 
applied i.  then  /..  in  Lq  i'i  -s  ihe  transverse  modulus  ol  the 
libers.  /..  However.  if  the  interlaces  separate  upon  loadine.  1. 
would  be  much  smaller  f  or  the  present  composite,  which  has  a 
"weak  interlace,  interlace  separation  is  libels  to  occur  when 
the  transverse  stress  e steeds  the  residual  compression  ai  the 
interface  At  this  stace.  there  would  be  an  abrupt  drop  in 
transverse  modulus  It  will  be  shown  below  that  the  experimen¬ 
tal  results  arc  consistent  w  ith  a  separated  interface  if.,.  •  (ti 


lit.?.  I  H.-.l'  ol  sin- . .r.i.r  iiai.in  in  ib.  pm- 

</i.  S linn  I  (../ihue  i  he  basic  tunnel  cu-k  loritiuljnon 
also  applies  lor  malris  cr.iiks  lorined  upon  sheji  ioadin-j  d  ii  is 
presumed  that  the  mains  tunnel  trash-  lollow  a  mode  I  tiatv-- 
tors  (hen.  it  el.isik  mismatch  ctlect'  .ire  neelcv ted  th-  lov¬ 
er-bound  sheai  stress.  I  lot  emu  tl,  o|  the  tunnel  etas k-  i-  eivei; 
b\ 

/  v  /,  1 1  x  “  sin  ll  2  cos  h  (Si 

where  h  is  the  crack  inclination  with  respect  to  the  pl\  normal 
which  is  related  to  the  residual  sire's  n.  bs 

N  2  tan  f i  ■  o,.  7  *  s  2  •  nr.  7  i  oti 

with  t.  be  me  the  laser  thickness  and  I  the  rules  ant  Irjcture 
enerc’s  Comhmine  l.q-  iS»  and  iMi  lead'  to  an  esplicii  leia 
tionship  between  7  and  o„  Multiple  craekirie  i'  expected  .it 
hiehcr  shear  stress,  analogous  to  that  lound  in  tensile  lojdmc 

(2)  Stair ix  Cracking  of  0°  Ixtyrr 

Upon  tensile  loading,  cracks  in  Ihe  ‘kit  laser  precede  those  m 
ihe  1*  laser  and.  turlhermorc.  ihe  loiter  lorm  bs  extension  ol  the 
previously,  lornted  cracks  in  the  dt)  lasers  Consequently,.  the 
crack  me  problem  in  the  0"  plies  commences  with  j  plane  strain 
matrix  crack  of  length  /  i H i u .  lOiAtt  that  subsequently.  pone 
trates  the  (I  liber  bundles  In  order  to  obtain  approximate  aim- 
Iximil  solutions  tor  crack  penetration  that  illustrate  the  kes 
trends,  consideration  is  hrst  eixen  to  identity  mu  the  mosi  rea¬ 
sonable  simphlications  concerning  the  relative  laser  thickness 
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Fig.  7.  <  A  i  fracture  surface  indicating  liber  pullout,  t  H  t  the  pullout  distribution 


and  stiffness,  as  well  as  the  failure  mode  in  theO  bundles.  The 
laminate  layers  generally  have  about  equal  thickness  and. 
hence,  the  thickness  ratio  is  taken  to  be  unity  It  is  also  believed 
that  the  main  features  of  the  cracking  phenomenon  can  be  eluci¬ 
dated  by  assuming  elastic  homogeneity.  E,  ~  E  More¬ 
over.  the  problem  consists  of  a  crack  penetrating  into  a 
longitudinal  liber  bundle  with  the  fibers  rematnniji  intuit.  Con¬ 
sequently.  the  bridging  tractions.  <rht«).  satisfy’’ 

<rh(u)  -  yU&W  -  f)R]' :it,  :  (10) 

where.  t„  is  the  interface  sliding  stress  and  it  the  crack  opening 
displacement  Near  the  crack  tip  in  the  (F  layer,  the  crack  open¬ 
ing  is  related  to  the  tip  stress  intensity  factor  A„r  by'1  ;; 

Eitl  s)  =  (2  s  it  )A'„,.  N  i  s.  I  ~  *a  <  )'  (III 

where  v  is  the  distance  from  the  crack  center  and  2<  the  crack 


length.  In  previous  analyses,  it  has  been  lound  that  l:q  ( 1 1 1 
also  provides  a  reasonable  representation  ot  mn  over  most  of 
the  bridged  segment.  This  assumption  will  be  used  here  li  will 
also  be  assumed  that  a  critical-stress-based  Iracturc  criterion 
applies,  given  by 


Then.  <rh(  U  becomes 


<r„u>  =  — rr  / 

TT  ' 


-E 

(I  -  /) 


For  an  elastically  homogeneous  system.  K„r  can  also  be  related 
to  the  net  tractions  rr.it  >  bv:i 
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Fig.  8.  Restili  ol  noicb  tests  show  tne  multiple  dclammaiion  cracks 
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Kip.  9.  Shear  Janutee  lotmd  in  >hoii  beam  ic^t ^  « A « initial  matrix  v  racking  at  5<*  MPa  i li *  vofueniraicd  ■‘hear  danuev  pn««r  t.>  t.itiur*.-  ou  umn  j  h 
the  iiuin\-i»ni\  lau‘i  Arrow-  indicate  location-  »*l  matrix  cr.uk'* 


such  that,  with  Bq.  <  I2i 

-  o 

-  a  x*: 

■I2H„  2  1  ir.mdt 

\  <  '  siJ  xr-^r 

( I5t 

>:hT 

where 

X  »> 

A  solution  to  the  problem  of  interest  is  ntnt  obtained  from  hq 

( 15)  by  providing  information  about  <r  i  t  i: 

X.  =■ 

t /.  it,  I  x  1  hi 

ir.UI  =  rr  *  it,  i.t  7-1  2) 

1 IM 

x.  = 

2/(2  77)"}  — 

(TAX)  =  ir  -  tr„  -  <r„(t>  (.1  ~  1  2l 

(17) 

|  <*k 

where  tr  ts  the  applied  stress  and  it,,  the  residual 
Inserting  the  stresses  from  Bqs.  1 1  (» i  and  ( I7i  into  Bq. 
integrating,  the  crack  growth  stress  <ru  i  becomes 

stress 

1 1 5 1 and 

<»  =■ 

/•  ( u  I  = 

2,  ! 

j  liw 

I  (1  -  til  l  ' 
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'Suite  rht  lavcrs  are  taken  li*  have  equ.it  thicknc—  and  the  -wiero  i-  ct.i-ncaH\ 
humi^enctiu**.  the  rcxulu.d  *are— c-  mu'i  have  equal  ntjcnitudc  hui  uppo-uc  Men  in 
aitcrtiadnc  ta>cr- 


Beture  evaluating  Bq  i  IS),  n  is  convenient  to  reexpress  X-  in 
terms  ot  the  steads  -state  maim  cracking  stress  lor  unidirec¬ 
tional  material 
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Fig.  II.  Strokes  needed  u»  propaeuie  matrix  cracks  ihrouett  ilic 
layers  The  lower  and  upper  hounds  correspond  lo  A  .a  VS  and  5 . 
10.  respectively.  Also  shown  is  the  comparison  ot  measured  and  calcu¬ 
lated  crack  me  stresses,  «?.  and  »t 
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For  ceramic'matri.x  composites,  it  can  he  readily  ascertained 
that  A  i  and  A;  arc  both  of  order  units  and  ranee  between  0  I  and 
10  (Table  I)  This  range  is  used  to  address  the  trends  predicted 
by  Ftp  ( 18i  Additionally  the  important  ranee  for  a  is  between 
I  and  2  With  this  background,  plots  of  a  op  as  a  function  of  a 
(Fig  1 1 1  illustrate  the  major  trends.  It  is  apparent  that,  for  this 
range  of  A,  and  A;.  the  cracks  penetrate  into  the  O'  bundles  at  a 
critical  stress,  a,.  Subsequently,  the  cracks  extend  stably.  sub¬ 
ject  to  increasing  load  until  they  exit  the  0°  bundles.  Thereafter, 
they  grow  unstably  across  the  next  90c  layer.  Consequently,  the 
stress  o.  at  a  =  2  would  typically  represent  the  maximum 
stress  at  which  matrix  cracking  occurs.  This  stress  is  obtained 
from  Bq.  ( IX)  as 

cr'/trk  =  0.56A,  —  0.67  -1-  0.82A.  (20) 

The  loading  range  wherein  changes  in  modulus  and  permanent 
strains  are  associated  with  crack  growth  across  the  O'  plies  is 
thus  bounded  by  the  stresses  it,  and  rr’  (Fig  1 1 ). 

(3)  Fiber  Fracture  and  L'ltimate  Strength 

Final  failure  of  the  composite  is  considered  to  be  dominated 
by  the  libers  in  the  0  plies,  w hereupon  the  ultimate  strength  is 
determined  bv  consideration  ol  wcakcsi-lmk  statistics.  By 
assuming  thai  both  the  debond  energy  and  sliding  stress  are 
small,  such  that  the  libers  are  noninteracting,  the  matrix  allows 
load  transfer  through  the  miertacial  shear  tractions,  with  global 
load  sharing,  and  parameters  such  as  the  pullout  length  and  the 
in  situ  fiber  strength  can  he  explicitly  linked  with  Following 
this  approach,  the  ultimate  strength  of  the  composite  is  pre¬ 
dicted  to  be  " 


■s 

1  >  f  -  f  ■ 

m  +  1 

tm  ->  2) 

j  m  -  2 

where  /,  is  the  volume  fraction  of  the  libers  in  the  longitudinal 
orientation,  m  is  the  Weibull  shape  parameter  and  ,S  is  a  charac¬ 
teristic  liher  strength  The  values  of  .S  and  in  for  Nicalon  libers 
in  CAS  have  been  obtained  from  measurements  of  fracture  mir¬ 
rors  on  broken  Sibers  in  unidirectional  material  (Table  I)  The 
corresponding  resull  for  the  average  pullout  lengih  is- 


h  tRS  ~  iAi/hi  d 


where  A  i'  a  noiklmiciisuuiai  quantity  ol  oul.-i  unilx 

t4i  Stress  Strain  (  tines 

Ilk-  lensile  sliess  mi  am  stirs  C'  .an  !\  simulate.!  nv  usir: 
tile  above  mlomi.ilMii  about  m.ilnv  ci.uk'  )<  ■  uctei  nun.  liu 
vhatlgC'  III  modulu'.  pill'  die  pcnn.mvc  Mtaili'  coupled  will; 
die  analv ms  ot  lihe;  l.nluie  Soluiioii'  lor  peiio,|iv  niullipii 
stacks  III  the  on  laxejs  have  been  expressed  ill  terms  ot  a  'shear 
lag"  parameter,  e.  vviiuli  o  ..  inea'Uie  ot  die  'iie.i:  response  o; 
the  matrix  lavei  between  the  • !  anjou  plies  W  ith  tin  -  I  .Caine 
lei.  die  sue"  sir.nn.  sin  ve  i  '  i'  given  i'1. 

f  i/ /  t  ii r,  jt.iflh  i  ii  l 1  / 

1  •  i;  It.  ii  /  /.I  land  •  il  ;  < 

such  that  the  Young's  modulus  is 

i.J.  1  -  i/  tin  I  .  I  <  lanh  it/  ti 
and  the  permanent  strain  is 

i  .  1/ /in it,,  I.  i  t.inh  it/  n  i25i 

The  magnitude  ot  f  has  been  assessed  both  by  unite  element 
procedures  anil  hv  an  approximate  elasticity  method,  which 
agrees  well  with  the  numerical  results  The  latter  is  given  lor 
equal  numbers  ol  0  and  dll  plies  bv  1 

£  =  s  1 1  -  r, ,  i  ( 26i 

where  v, ,  is_Poisson’s  ratio  Hence,  bv  using  measured  values 
ot  t  L.  both  F.  and  r,  may  be  calculated 

The  modulus  changes  that  occur  when  the  lunnel  cracks 
extend  into  the  0  bundles  have  not  vet  been  calculated  Consul 
eration  of  a  lower  bound  provides  some  perspective  When  the 
0°  layers  have  lulls  developed  matrix  cracks  tat  stress  o  .  Lq 
l20i).  the  unloading  modulus  of  these  layers  /;.  upon  lull 
unloading,  when  d  is  less  than  the  saturation  value,  becomes 

=  Rl.„  ( I  -  fr  <r,  4 7hJi.Fl  -  sid  R)  1 27 1 

where  rir,  is  the  peak  stress  (applied  plus  residual i  reached  in 
these  lavers  and  v  is  a  compliance  function  of  order  1 .0-1  2.  A 
similar  expression  applies  for  pamal  unloading. J‘  Bv  knowing 
how  d  changes  with  stress  tr, .  Eq  (27)  provides  a  lower  bound 
for  the  change  in  composite  modulus  with  siress.  The  corre¬ 
sponding  permanent  strain  is" 


R(  I  -  /  fir  /  fr,  F,  i  ,  fr.  A.,,  \ 


s 


i2xi 


where <V,  is.  again,  (he  nel  siress  (residual  plus  appltedi  reached 
in  the  0  plies. 


IV.  Comparison  between  Theory  and  Experiment 
(I)  Initial  Properties 

A  comparison  between  theoiy  and  experiment  can  be  made 
bv  first  evaluating  the  elastic  properties,  the  residual  stress,  and 
the  interface  properties,  following  some  general  remarks  ihai 
provide  the  necessary  context  The  overall  residual  stress  in  the 
plies,  a*,  caused  by  thermal  expansion  anisotropy  is  biaxial, 
with  the  normal  and  shear  stresses  at  the  ply  boundaries  being 
zero  (except  near  the  edges!  However,  prior  to  bonding  ot  the 
plies,  residual  Stresses  exisi  within  the  fibers  and  the  matrix, 
characterized  by  a  compression  />  normal  to  the  interlace  and  a 
longitudinal  lension  </  in  the  matrix  having  magnitudes  i/i  - 
-62  MPa.  q  ~  85  MPa)  Upon  bonding,  both  p  and  </  arc 
changed — </  uniformly  and  p  nonunitormlv 

When  a  stress  is  applied  to  the  laminated  composite,  p  is  fur¬ 
ther  reduced  and  interface  separation  may  occur  This  situation 
leads  to  uncertainly  about  the  influence  ol  the  fibers  on  the 
transverse  modulus  However,  comparison  of  ihe  measured. 
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Fig.  12.  Comparisons  < >1  measured  and  calculated  v  jlucs  ot  ( A I  modulus  change.  I B  i  permanent  strain 


initial  composite  modulus  with  the  values  expected,  either  tor 
an  intact  interface  (£,  =  £  in  F.q  (7)j  or  a  separated  interfaces 
(£,  =  0).  indicates  (Table  1 1  that  the  interfaces  can  be  regarded 
as  separated,  such  that  the  effective  transverse  modulus.  £,  ~ 
50  GPa.  This  value  for  £  is  used  tn  subsequent  comparisons 
between  theory  and  measurement  Based  on  the  above  choice 
for  £,.  the  beam  curvature  measurements  (Section  1 1(2 1)  indi¬ 
cate  a  residual  stress.  trB  =  25  =  5  MPa  This  value  is  consis¬ 
tent  with  the  magnitude  expected  from  the  thermal  expansion 
misfit  between  the  fiber  and  matrix  (Table  II). 

The  interface  sliding  stress  T„can  be  estimated  from  the  fiber 
pullout  length  (Fig.  7(B)).  using  Eq.  (22).  by  assuming  that  the 
in  situ  properties  of  the  fibers  arc  the  same  as  those  found  for 
unidirectional  material11  (Table  I.  5,  =  2.0  GPa.  m  =  3.6). 
Then  Eq.  (22)  gives  t„  *=  13  MPa.  This  value  is  essentially  the 
same  as  that  established  for  unidirectional  material.'  even 
though  the  residual  stress,  p.  has  been  modified  upon  forming 
the  laminate. 

(2)  Matrix  Cracking 

(A)  Transverse  Plies:  The  stresses  at  which  cracking  of 
the  transverse  plies  commences  can  be  predicted  by  assuming 
that  the  tunneling  crack  mechanism  obtains,  whereupon  Eq  1 5 ) 
may  be  used  in  conjunction  with  the  properties  indicated  on 
Table  I  and  g  obtained  Irom  Fig  10(B)  (g  ~  1.53)  The  inner 
double  y()"  layer  is  predicted  to  crack  first  at  an  applied  stress  rr 
--  40  MPa.  whereas  cracking  of  the  other  6(1  layers  is  expected 
ut  stresses  ir  ---  60  MPa.  compared  with  measured  values  of 
40-50  and  50-60  MPa.  respectively.  Consequently,  the  pre¬ 
dicted  sequence  of  cracking  between  layers,  as  well  as  the  level 
of  stress,  is  consistent  with  the  present  measurements,  validat¬ 
ing  the  tunnel  crack  mechanism. 

Inserting  the  measured  values  of  the  crack  spacing  (Figs  5 
and  6)  into  Eqs  (24iand  (25>  and  using  the  measured  values  ot 
the  clastic  properties  and  residual  stress  (Table  li.  the  modulus 
changes  and  the  permanent  stress,  caused  by  cracking  ol  the  W 
layers,  are  predicted  and  compared  with  the  experimental 
results  on  Figs.  12(A)  and  (B).  respectively.  The  comparison  is 
based  on  the  independent  knowledge  that  cracking  ot  the  00 
plies  saturates  at  ~80  MPa.  leading  to  the  distinction  between 
tracking  mechanisms  indicated  on  Fig  12.  With  this  specifica¬ 
tion.  it  is  noted  that  the  modulus  decrease  predicted  by  the 


model  is  smaller  than  that  found  experimentally  (Fig.  1 2i  A H 
The  reasons  for  this  discrepancy  arc  not  understood  Also,  the 
permanent  strains  caused  by  W  tunnel  cracks  are  small,  both 
by  measurement  and  predictions  (Fig  12(B)). 

If} I  Longitudinal  Plies:  Comparison  between  theory  and 
experiment  for  cracking  of  the  O'  plies  is  achieved  by  first  com¬ 
paring  the  calculated  (Eq.  (IS))  and  measured  values  ol  the 
stresses,  it,,  and  cr\  at  which  cracks  t a )  just  penetrate  the  (): 
plies  and  (h)  have  extended  stably  across  these  plies.  For  this 
purpose,  it  is  noted  that  k,  and  \.  are  in  the  range  3-5  and  S-10. 
respectively,  giving  the  range  of  predicted  crack  growth  stresses 
plotted  on  Fig  1 1.  The  predicted  range  encompasses  the  mea¬ 
sured  values  of  a,,  and  rr  .  despite  the  simplification  concerning 
elastic  homogeneity  used  for  the  calculations.  The  basic  model 
thus  appears  to  be  reasonable. 

The  change  in  modulus  and  permanent  strain  induced  by 
cracking  of  the  0'  plies  can  now  be  predicted  bused  on  the 
knowledge  that  cracks  begin  forming  at  —80  MPa  and  saturate 
at  -  170  MPa.  Then,  by  using  the  measured  crack  spacings.  £ 
and  t  n  arc  predicted.  The  calculations  have  been  performed  by 
adopting  the  following  homogenization  procedure  The  fibers 
are  considered  to  he  distributed  uniformly,  w  ith  an  average  vol¬ 
ume  fraction  1/  =  O  10).  and  the  matrix  is  assigned  a  composite 
modulus  based  on  the  properties  of  the  laminate  Values  ol  slid¬ 
ing  stress  in  the  range.  t„  =  10-20  MPa.  arc  used  as  ascer¬ 
tained  both  in  this  study  and  in  previous  analyses. *  Comparison 
with  experiment  (Fig.  13)  indicates  that  this  approach  signifi¬ 
cantly  underestimates  the  modulus  reduction  found  experimen¬ 
tally  (Fig.  12(A))  Furthermore,  the  discrepancy  is  larger  than 
that  previously  lound  lor  unidirectional  material  k  A  model  that 
more  completely  incorporates  the  compliance  of  the  combined 
fit)  (l  crack  configuration  appears  to  be  necessary  before  mod¬ 
ulus  changes  can  be  accurately  simulated.  Conversely,  the  per¬ 
manent  strain  prediction  is  quite  good  (Fig  12(B)).  even 
though  the  same  interlace  model  is  used  Similarly  good 
agreement  with  the  models  was  lound  lor  unidirectional 
material  1 

(.?)  Ultimate  Strength 

The  interlace  sliding  stress.  t„.  and  pullout  lengths  arc  essen¬ 
tially  the  same  as  those  previously  lound  lor  unidirectional 
material  ‘  Consequently,  the  fiber  strength  parameter  ,V  and  the 
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We i hull  modulus.  m.  (Table  ll  should  be  the-  same,  provided 
thal  hber  degradation  effects  caused  by  processing  are  similar 
in  unidirectional  and  0  4U  material-.  W  ith  thi-  assumption,  ihe 
ultimate  strength  predicted  by  hi)  (21 1  i-  250  MPa.  compared 
with  the  measured  v  alue  of  23* *  -  2o  MPa.  The  agreement  i- 
eood  and  consistent  with  the  behavior  lound  tor  unidirectional 
material 

V.  Concluding  Remarks 

The  basic  matriv  cracking  model-  foi  0  40  ceramic  malm 
composites  appear  to  prov  uic  a  reasonable  accurate  dc-cription 
ot  the  mcitlcna  ot  cracking  However,  model-  ot  the  influence 
ol  such  crack-  on  the  elastic  modulus  A  are  less  satisfactory, 
even  with  independent  mtormalion  about  the  crack  density 
Furthermore,  models  lor  crack  evolution  with  load  are  not  well 
developed  It  i-  thu-  concluded  that  improved  model-  ot  crack 
evolution  are  needed  in  order  to  provide  constitutive  laws  suit¬ 
able  lor  design  calculations,  including  more  sophisticated  rep¬ 
resentations  of  the  interlace  properties  and  of  the  elleets  ot 
malm  cracks  on  the  elastic  compliance  ■ 

Residual  sire—  and  interlacial  effects  have  been  shown  to  be 
of  considerable  importance.  It  is  necessary  to  have  independent 
know  ledge  of  the  associated  mislit  parameters  in  order  to  pro¬ 
vide  meaningful  prediction-  of  matrix  crack  formation.  It  is 
also  necessary  to  know  the  matrix  fracture  energy. 

The  ultimate  strength  S„  is  found  to  be  consistent  ih  the 
predictions  of  global  load-sharing  models  and  to  have  ,i  corre¬ 
spondence  with.V,,  lor  l-D  material,  simply  through  the  reduced 
fiber  volume  fraction  in  the  loading  orientation. 

Finally,  the  elastic  modulus  in  the  90"  layer  is  found  to  be 
unexpectedly  low.  This  effect  has  been  attributed  to  the  weak 
interfaces,  combined  with  the  residual  tension  in  the  90'  layers. 
The  residual  tension  seemingly  causes  the  interfaces  to  sepa¬ 
rate.  even  though  its  magnitude  is  too  small  to  predict  actual 
interface  separation  prior  to  loading.  This  discrepancy  has  yet 
to  be  resolved. 

APPENDIX  A 


Relationship  between  Residual  Stress  and  Curvature 

The  residual  stresses  in  the  plies  can  be  derived  from  the  cur¬ 
vature  of  a  0/90  layer  prepared  as  described  in  the  text.  From 
equilibrium,  the  residual  force  on  these  laminae  must  be  zero, 
and  since  the  layers  have  equal  thickness.  /.  then 

trK„  ^  <rk,„  =  0  (A-l  I 

where  oK  is  residual  stress  and  the  subscripts  0  and  90  refer  to 
the  <f  and  90'  layers,  respectively.  The  residual  stress  in  each 
laser  can  also  he  related  to  the  bendine  moment,  per  unit  w idth. 
Mu  by 

Af*  =  <v"  ( A-2) 

where 

El 

h  I  A_ 3 1 

w  ith  E  being  the  Young  s  modulus  of  one  ol  the  layers.  /  the 
associated  second  moment  of  inertia,  and  the  radius  of  cur¬ 
vature  Combining  F.qs.  (A-2l  and  (A-3).  the  residual  stress 
may  be  deduced  as 

E,  I, 

<r„  =  <  A — 4 1 

where  /,,  is  given  by 

l2/,,ovt'  -21  +  I  +  3(2k  -  1 1  +  3(3  -  2k)  i.A-5i 


where  2.  is  the  ratio  ot  Aoung  -  modulus  II  u  t-  the  beam 
width,  and  k  detine-  the  locution  ol  the  neutral  axi- 

k  --  1 32.  -  1 1  2>  1  -  2-i  .  a  o. 

Foi  the  pre-eni  composite  1 1  l'0(il’.;  /  -otil'j.  2 

u  3<i  jiul  k  -■  n 

APPENDIX  I! 


Notation 

Crack  length 

0  Mean  crack -pacing  in  <i  phe- 

A  Aoung-  modulus  ol  composite 

E  Plane  slrain  modulus.  I.  <  I  -  r  i 

A  Aoung  -  modulus  ol  composite  -uhiccl  to  damage 

A  Anting  -  modulus  ol  iiber- 

A  Aoung-  modulus  ot  maim 

A,  Longitudinal  modulus  ol  plv 

A  Trail's er>e  modulus  ol  plv 

I  Fiber  volume  traction 

g  Tunnel  crack  parameter 

li  Mean  liber  pullout  length 

K,„.  Tip  stress  intensity  tactor 

I.  Mean  crack  spacing  in  4(1  lavcr- 

ni  Shape  parameter  lor  liber  strength'  i  Wctbull 

modulus) 

/>  Residual  stress  nonnal  to  interlace 

if  Axial  residual  -ires-  in  malm 

K  Fiber  radius 

,S„  Ultimate  strength 

5  In  situ  fiber  strength  parameter 

/  Ply  thickness 

Matrix  layer  thickness 
T  Shear  strength 

ii  Crack  opening  displacement 

rr  Applied  stress 

<t.  Stress  at  which  crack  in  4(f  layers  penetrate  into  0 

layers 

<r.  Stress  at  which  matrix  cracks  extend  completely 

across  0'  plies 
a*  Bridging  traction 

tTK  Residual  stress  within  ply 

<r  Steady -stale  stress  for  tunnel  crack- 

rr,  Net  stress  in  transverse  plies  i applied  plus  residual) 

it  Critical  applied  stress  lor  tunnel  cracking  ot  90'  plies 

<r„  Matrix  cracking  parameter  lor  (T  plies 

!„.  Matrix  fracture  energy 

E,  Transverse  fracture  energy  ol  ply 

52  Thermal  expansion  mislit  strain  between  fibers  and 

matrix 

Interlace  sliding  stress 
Permanent  strain 

f.  Misfit  strain  between  longitudinal  and  tran-ver-c  plies 

r.  Failure  strain  ol  composite 

X  Elastic  mismatch  parameter  (E,  -  A,  i(A,  -*•  A,  I 

r  Poisson  - ratio 

\  Pullout  parameter 

A . .  A.  O'  ply  cracking  parameters 
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Mechanical  Properties  of  Continuous-Fiber-Reinforced  Carbon  Matrix 
Composites  and  Relationships  to  Constituent  Properties 


Fernando  F  Heredia.  S.  Mark  Spearing,  and  Anthony  (i  Fivans 
Materials  Department.  College  of  Kngintermg.  I 'niversitv  ol  California  Santa  Barbara,  (  alilorina  'MlOti 


The  tensile  properties  of  three  carbon  matrix  composites 
reinforced  with  SiC  (Nicalon)  fibers  (materials  A,  B,  Cl 
have  been  measured  with  and  without  notches.  One  of  the 
three  materials  (material  Bl  had  a  relatively  low  strength 
and  exhibited  notch  brittleness.  This  material  had  both  a 
high  interface  sliding  stress  and  a  low  fiber  bundle  strength, 
caused  by  particulates  in  the  matrix.  These  characteristics 
have  been  shown  to  result  in  a  change  in  failure  mechanism 
that  leads  to  the  inferior  properties  exhibited  by  material  B. 
The  notch  properties  of  the  higher-toughness  materials 
were  shown  to  involve  splitting,  which  alleviates  the  notch 
stress  concentration  and  diminishes  the  notch  sensitivity. 

I.  introduction 

A  general  understanding  now  exists  regarding  the  mechan¬ 
ical  properties  of  brittle  matrix  composites  reinforced  with 
continuous  bntlle  fibers  IJ  In  particular,  the  relationships 
between  the  properties  ol  unidirectional  material  in  longitudinal 
and  transverse  tension  and  the  in  situ  properties  of  the  fibers, 
the  matrix,  and  the  fiber/matrix  interfaces  have  been  identi¬ 
fied. s“  Some  relationships  between  the  properties  obtained  on 
unidirectional  material  and  the  corresponding  properties  of  2-D 
structures  have  also  been  developed.'1  However,  there  have 
apparently  been  no  quantitative  attempts  to  assess  the  proper¬ 
ties  of  carbon  matrix  composites  within  this  framework.  The 
intent  of  the  present  article  is  to  examine  and  evaluate  the  ten¬ 
sile  and  notch-tensile  properties  of  several  2-D  carbon  matrix 
composites, 

In  brittle  matrix  composites,  the  ultimate  tensile  strength  and 
the  longitudinal  modulus  along  one  of  the  fiber  directions  are 
dominated  bv  the  in  situ  properties  of  the  fibers  A  useful  nor¬ 
malization  for  the  stress  it  is  thus1"  tr l/S. .  where  /  is  the  fiber 
volume  traction  in  the  loading  direction  and  5,  the  in  situ  fiber 
strength  at  a  particular  gauge  length.'  "  l:  A  corresponding  nor¬ 
malization  for  the  strain  is"’  r Is,.  where  f,  is  the  failure  strain 
for  the  fibers.  With  these  normalizations,  high-performance 
composites  have  ultimate  strengths  UrJfS . )  and  failure  strains 
(£„/£,)  close  to  unity  Such  values  occur  when  the  interfaces  are 
“weak. . The  characteristic  “weakness"  of  fiber/matrix  inter¬ 

faces  can  be  specified  in  terms  of  a  debond  fracture  energy  for 
the  interface,  f,.  as  well  as  the  sliding  stress  along  the  debonded 
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Fig.  1.  Map  indicating  ihe  various  damage  modes  found  in  brittle 
matrix  composites 

interface,  t.'1  IJ  Both  I’,  and  t  must  be  small  for  ihe  composite  to 
exhibit  normalized  strengths  and  failure  strains  approaching 
unity.  Consequently,  n  is  possible  lorank  the  tensile  properties 
through  the  in  situ  characteristics  of  the  fibers  and  the  fiber ' 
matrix  interface. 

The  notch  properties  are  reflected  in  a  notch  sensitivity, 
which  can  range  from  notch-insensitive  behavior1'  (wherein  the 
tensile  strength  can  he  expressed  simply  in  terms  of  the  net  sec¬ 
tion  stress!  to  an  extreme  notch  sensitivity  charactenzed  by 
fracture  mechanics"’  Typically,  bntlle  matrix  composites 
exhibit  behavior  between  these  extremes  A  range  ol  damage 
phenomena,  illustrated  in  Fig.  I .  govern  the  notch  properties. 
These  phenomena  include  mode  I  matrix  cracking  with  fiber 
pullout, delaminauon  cracking  from  the  notch.1'  r  and  multi¬ 
ple  (mode  I)  microcrack  damage  ; '  The  notch  sensitivity  is 
intimately  related  to  the  operative  damage  phenomenon.  In 
some  cases,  models  have  been  developed  that  relate  the  notch 
strength  to  vanous  properties  of  the  matrix,  fibers,  and 
interfaces.11' 
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a)  Non-Interacting  Fiber  Bundle  Failure 
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b)  Crack  Extension  With  Fiber  Pull-Out 

Fig.  2.  Mode  I  failure  mechanisms  in  brittle  matrix  composues:  (a) 
noninteracting  fiber  bundle  failure  with  multiple  matrix  cracking;  (b) 
failure  by  growth  of  a  dominant  mode  I  crack  through  a  fiber  bundle. 


Techniques  that  have  been  particularly  useful  in  diagnosing 
the  properties  of  brittle  matrix  composites  involve  measure¬ 
ments  of  fracture  mirrors  on  failed  fibers,  as  well  as  fiber  pull¬ 
out  lengths.'11'-'  Fracture  mirror  measurements  allow 
determination  of  the  in  situ  strengths  of  the  fibers,  S,.  Fiber 
pullout  lengths,  h.  provide  information  about  the  interface  slid¬ 
ing  stress,  t.  Both  relate  to  the  ultimate  strength,  tru.  The  pres¬ 
ent  study  has  been  conducted  on  carbon  matrix  composites 
reinforced  with  Nicahm  SiC  fibers,  which  have  a  well-estab¬ 
lished  fracture  mirror  response.'  Furthermore,  such  composites 
have  been  shown  to  exhibit  an  oxidation  resistance  much  supe¬ 
rior  to  that  of  carbon/carbon  composites  and  thus  have  interest¬ 
ing  potential  as  high-temperature  structural  composites.2” 

II.  Analytical  Background 

While  a  range  of  possible  damage  mechanisms  can  operate  in 
brittle  matrix  composites  (Fig  I ).  previous  research  on  carbon 
matrix  composites  has  suggested  that  the  tensile  fracture  pro¬ 
cess  in  either  notched  or  unnotched  materials  usually  occurs  by 
a  mode  I  mechanism  (wherein  the  primary  fracture  plane  is  nor¬ 
mal  to  the  loading  axis).-’’ ;1  In  general,  there  are  two  mode  I 
failure  regimes,  depending  upon  the  stress  concentration  expe¬ 
rienced  by  intact  fibers  neighboring  a  previously  failed  fiber,  in 
one  limit,  the  interface  and/or  the  matrix  are  sufficiently 
"weak"  that  the  matrix  does  not  transmit  such  a  stress  concen¬ 
tration.  whereupon  each  of  the  fibers  is  statistically  indepen¬ 
dent  (Fig.  2(a)).7 "  Conversely,  when  a  stress  concentration 
develops,  failure  involves  the  progressive  propagation  of  a 
crack  with  simultaneous  failure  of  the  fibers'  ”  (Fig.  2(b)).  Both 
regimes  are  briefly  outlined  below,  to  provide  a  rationale  for 
conducting  and  interpreting  the  experiments. 


Snaps  Parameter,  m 

(b) 

Fig.  3.  Statistical  parameters  associated  with  Iracture  mirror  mea¬ 
surements:  (a)  nomnteracnng  fibers:  (b)  single  matrix  crack. 


(I)  Bundle  Failure 

A  number  of  important  results  for  fiber  bundle  failure  in  brit¬ 
tle  matrix  composites7  * i:  have  been  derived  using  weakest-link 
statistics.  The  results  apply,  subject  to  a  global  load-sharing 
<GLS)  criterion  which  gives  rise  to  uncorrelated  fiber  failure 
sites  (Fig.  2(a)).  This  cnienon  assumes  that  the  interfaces  have 
sufficiently  low  debond  energy  and  sliding  stress  that  the  failed 
fibers  do  not  concentrate  stress.  It  is  also  implied  that  the  matrix 
is  subject  to  multiple  cracking,  prior  to  composite  failure.  In 
such  a  case,  the  matrix  influences  composite  fracture  by  trans¬ 
ferring  load  from  a  failed  fiber  to  all  remaining  intact  fibers, 
equally.  Then,  load  recovery  from  a  fiber  failure  site  occurs 
along  a  fiber,  through  the  sliding  stress,  t."  i;  As  a  result,  fibers 
can  also  experience  multiple  cracks  Since  the  load  recovery 
length  is  related  to  t,  composite  parameters  such  as  the  pullout 
length  and  the  in  situ  fiber  strength  have  a  direct  connection 
with  t. 

Global  load-sharing  results  are  based  on  weakest-link  statis¬ 
tics  plus  fracture  mirror  information.'  The  Iracture  mirror  mea¬ 
surements  determine  the  local  stress.  5.  acting  on  the  fiber, 
upon  failure,  at  the  location  of  the  fracture  flaw.  The  measure¬ 
ments  of  S  are  correlated  through  the  cumulative  function" 

G( S)  =  I  -  exp[  -(5/5.)]"’  (I  l 

where  m  is  a  shape  parameter  and  5.  a  scale  parameter.  Weak¬ 
est-link  analysis  of  this  phenomenon1'  has  demonstrated  rela¬ 
tionships  between  m,,S..  and  the  properties  of  the  fibers  in  situ 
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5„  can  be  obtained  from  Eq  (4).  (iv>  If  5„  is  known  from  inde¬ 
pendent  fiber  strength  data.  F.q  (3)  ma>  be  used  to  check  on  the 
magnitude  ol  S,.  im  Calculate  the  ultimate  strength  tT„  front 
Lq  (b) 

1 2)  Crack  Extension 

Various  studies  on  ceramic  mains  composites-  ’  have  indi¬ 
cated  that  a  transition  in  failure  mechanism  occurs  as  the  ratio 
-  5.  increases  This  transition  is  nol  well  understood  hul 
undoubtedly  involve-.  some  deviation  Irom  global  load  sharing, 
such  that  liber  tadlire  occurs  in  coniunction  with  matrix  crack 
propagation,  a'  illustrated  in  Fig  2(bi  In  this  local  load-shar¬ 
ing  il.l.Si  regime,  mode  I  cracks  propagate  sub|ecl  to  a  resis¬ 
tance  curse  '  A  smipiitied  crack  growth  model  is  presented 
that  addresses  this  lailure  mode  in  2-D  CMCx  When  the  fiber 
pullout  length,  h.  is  relative!)  large  iTiR  >  -•  I).  it  has  been 
shown  that  the  resistance  is  dominated  b>  friction  exerted  over 
the  enure  pullout  length .  such  that  Ti  correlates  w  ith  the  fracture 
resistance  in  accordance  w  ith' 


Fig.  4.  NondimensionaJ  fiber  pullout  lengths. 


within  the  composite.  These  relationships  connect  the  fracture 
mirror  shape  parameter  m,  w  ith  the  shape  parameter  m  for  the 
actual  fiber  strength  distribution,  as  well  as  the  fracture  mirror 
scale  parameter  5,  with  a  characteristic  fiber  strength  5.  (Fig. 
3(a)). 11  The  characteristic  strength  5.  is  the  mean  fiber  strength 
at  a  gauge  length  governed  by  the  load  transfer  length.  It  is 
defined  as 


57* 1 


57  Tf0 
R 


(2) 


where  50  is  the  stress  scale  parameter  for  the  fiber  strength  dis¬ 
tribution  and  f„  is  a  normalizing  length  (usually  taken  to  be  I 
m)  ’  In  order  to  relate  5.  to  the  strength  of  the  fibers  measured  in 
a  bundle  (without  matrix).  5„,  the  difference  in  gauge  lengths 
must  be  taken  into  account.  The  fiber  bundle  strength  at  gauge 
length  l  is  given  by 

5,  *  SMltne)'""  (3) 

Consequently,  5,  and  Sh  are  related  by 

5„  =  S[mf"‘m{Rlttme)'m  (4) 

where  e  is  the  base  of  natural  logarithms.  Hence,  with  5,  and  m 
ascertained  from  fracture  mirror  data,  5„  can  be  determined 
from  Eq.  (4),  provided  that  t  is  known. 

The  sliding  stress  t  is  related  to  the  pullout  length  ft  by* l; 

Jij/RS,  =  A(m)/4  (5) 

with  A(m)  being  a  nondimensional  function  determined  from 
the  statistics  of  fiber  failure,  plotted  on  Fig.  4.  Consequently,  r 
can  be  obtained  from  independent  measurement  of  Tt. 

The  final  result  of  importance  concerns  the  ultimate  strength 
of  the  composite,  tru.  given  by,: 
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m 
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m 
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where  f,  is  the  fiber  fraction  along  the  loading  direction  It  is  of 
significance  to  appreciate  that  <ru  expressed  in  terms  of  5,. 
through  Eq  (b),  has  an  implicit  dependence  in  t,  as  indicated 
by  Eq.  (2). 

In  summary,  the  above  formulae  (Eqs.  (1  Mb))  may  be  used 
as  follows,  (i)  Determine  5.  and  m.  (Eq  ( I ))  based  on  fracture 
mirror  measurements,  and  then  obtain  5,  and  m  from  Fig.  3(a). 
(til  Determine  ft  and  evaluate  t  from  Eq.  (5).  with  m  and  5,  now 
known,  (iii)  With  5,.  t,  and  m  known,  the  fiber  bundle  strength 


This  scaltnp  quantity  implicitly  includes  the  distribution  of  hher  radii,  which 
arc  not  yci  determined  separately 


2  /  tfjt ,  - 
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where  A',,  is  the  fracture  resistance  of  the  matrix.  1.  is  the  crack 
extension,  and  /„  is  the  fiber  fraction  within  the  bundle  For  a 
small  surface  crack  in  a  tensile  bod),  the  stress  intensity  factor 
A"  is  given  b) 

A'  =  I  98rrNa„  +  L  (8) 

where  a  is  the  imposed  stress  and  a„  is  the  initial  crack  length. 
Crack  extension  occurs  when  A'  =  A'„  and  hence,  from  Eqs.  (7) 
and  (8).  the  stress  and  crack  length  are  related  by 

_  Ft  _ 

1 .98(7  va„  +  L  =  K([  +  4  )  \L  ,9) 


This  result  can  be  reexpressed  vn  terms  of  the  fiber  properties 
ascertained  from  fracture  minor  measurements.  For  this  pur¬ 
pose.  when  fracture  occurs  by  growth  of  a  single  crack,  the  sta¬ 
tistical  results  associated  both  w  ith  pullout  and  fracture  minors 
differ  from  those  for  multiple  matrix  cracking.1-'  Modified 
results  for  single  cracks  are  summarized  on  Figs.  3(b)  and  4  In 
particular,  the  pullout  length  Tt  relates  to  the  new  characteristic 
fiber  strength  S[  through1-' 

Jn  , 

—  =  A  (m)/4  (10) 

as  plotted  in  Fig.  4  Combining  Eqs.  (9)  and  (10),  (he  predicted 
crack  growth  stress  becomes 
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It  is  apparent  from  Eq  (II)  lhai  the  crack  extension  stress 
increases  continuously  as  the  crack  propagates  through  the  bun¬ 
dle  Consequently,  a  reaches  a  maximum  as  the  crack  exits  the 
bundle,  into  the  adjoining  matrix  layer  (where  (he  resistance 
drops).  In  a  woven  architecture,  the  bundle  dimensions  are  such 


White  only  .S  and  m  arc  needed  u>  predict  o„  values  of  t.  and  5„  provide 
important  insight  about  the  composite 


Table  1.  Carbon  Matrix  Materials  Used  In  This  Study 


Material 

Density 
ip  cm  i 

Fiber  volume 
traction,  / 

Porosin 
f  * 

Fiber 

coating 

Mam* 

A 

1.98 

0.44 

10 

None 

c 

B 

2.04 

0.45 

9 

None 

C  +  particulate 

c 

2.00 

0  40 

12 

c 

C  particulate 
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Strain  (%) 


Fig.  5.  Tensile  stress-strain  curves  obtained  tor  each  material 


that  the  stress  maximum  arises  when  L  ~  u„  (Ftg.  2(b)).  where¬ 
upon  Eq.  ( 1 1 )  predicts  a  peak  crack  extension  stress  <r.  given  by 

<t  =  0J^-"  +  0.28/,SX<m)  (12) 

\fa„ 

When  residual  stresses  are  present  because  of  thermal  expan¬ 
sion  mismatch  between  fiber  and  matrix,  a.  is  modified  and  is 
typically  lower  than  the  magnitude  predicted  by  Eq.  (12). 


Table  If.  Comparison  of  Measured  and  Predicted 
Ultimate  Strengths 


MjtL.TI.l1 

McjmitclI 
MK'nL’ih  s  MK*> 

PfCiliv  It'll  Mfcfi 

Hundl;  IJtikit;' 

Lfth  (  MPj  . 

(  Usl 

pf*»pJ2  Jtltifl 

A 

300  Z  30 

330  40 

B 

225  r  40 

3Hs  45 

205  -  25 

C 

345  r  30 

315  r.  35 

K  I  MKi  x  lit.  «  Hlfl 


III.  Materials 

Three  different  carbon  matrix  composites  retnlorced  with 
Nicalon  fibers  (average  radius.  R  =  7  pm)  were  supplied  by 
B,  P  Chemicals  (HITCO)  Inc  iBPCHIi  They  are  from 
BPCHI's  CeracarbIM  composites  line  and  are  referred  to  here  as 
materials  A.  B.  and  C  (Table  ii  All  of  the  composites  were 
fabricated  by  conventional  lamination  methods,  followed  by 
pyrolysis  and  carbon  chemical  vapor  infiltration  (CVI)  Mate¬ 
rial  A  is  a  reference  material,  wherein  no  elements  other  than 
carbon  are  present  in  the  matrix  Material  B  contains  particu¬ 
lates  that  were  introduced  into  the  matrix  during  the  impregna¬ 
tion  of  the  fabric.  Material  C  also  contains  particulates,  but  the 
fibers  were  precoated  w  ith  a  thin  layer  of  pyrolytic  carbon  prior 
to  their  impregnation.  All  materials  were  made  from  a  balanced 
2-D  Nicalon  cloth  with  an  8  harness  satin  weave  The  layers  of 
fabric  were  laid  up  in  a  0°/90°  fashion  to  yield  a  nominal  fiber 
fraction,/  =  0.43  and  a  fiber  fraction  aligned  with  each  of  the 
two  principal  axes  of f,  =  0.22.  The  fiber  fraction  within  each 
bundle  is/h  ~  0.67. 


Nominal  Strain  (%) 


Fig.  6.  Nominal  stress-strain  curves  obtained  using  double-notch  specimens 
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Fig.  7.  Comparison  of  fracture  surfaces  revealing  differences 
between  (a)  material  C  and  (b)  material  B. 


IV.  Experimental 

(!)  Procedures 

Tensile  tests  have  been  conducted  using  friction  grips  to  pro¬ 
vide  alignment.  Displacements  are  measured  by  means  of  an 
extensometer  in  contact  with  the  gauge  section.  The  effects  of 
notches  on  the  tensile  properties  have  been  investigated  by- 
using  a  double-notch  tensile  configuration,  with  the  notches 
introduced  using  a  profiled  diamond  wheel.  In  the  notch  tests, 
damage  development  was  monitored  by  infiltrating  the  mate¬ 
rial.  while  under  load,  with  a  Znl  solution,  and  then  using  an 
X-ray  method  to  image  damaged  regions.1''  Fracture  surfaces 
and  polished  cross  sections  were  studied  using  scanning  elec¬ 
tron  microscopy  (SEMI. 

(2)  Measurements 

Typical  tensile  stress/strain  curves  obtained  on  each  of  the 
three  materials  tested  in  the  warp  direction  are  summarized  in 
Fig.  5.  Ultimate  strength  results  obtained  on  10  specimens  of 
each  material  are  summarized  in  Table  II.  It  is  apparent  from  a 
comparison  of  the  properties  of  these  materials  that  the  use  of 
hard  particulates  in  the  matrix  in  material  B  reduces  the  tensile 
strength  compared  with  the  reference  material  A  However, 
when  a  carbon  fiber  coating  is  used  before  incorporation  of  the 


Pull-Out  Length,  hfjim] 

Fig.  8.  Fiber  pullout  distributions  lor  each  material 


particulates  (material  C>.  the  strength  essentially  reverts  to  that 
for  the  reference  material.  A  similar  trend  is  evident  in  the  lail- 
ure  strain. 

The  notch  tensile  properties  obtained  along  one  fiber  direc¬ 
tion  are  summarized  in  Fig.  b.  wherein  the  nominal  stress  is 
plotted  as  a  function  ol  the  nominal  strain.  All  materials  exhibit 
appreciable  nonlinearity  prior  to  failure.  The  magnitude  of  the 
notch  strength,  and  the  extent  of  the  nonlinear  deformation 
prior  to  failure,  increase  in  the  same  order  as  the  tensile  strength 
and  tensile  failure  strain:  notably,  the  properties  increase  in  the 
order  B  -»  A  =  C. 

The  ratio  of  the  notch  strength.  rrs.  to  the  tensile  strength.  <r„. 
is  essentially  the  same  for  all  three  materials.  Conversely,  the 
extent  of  nonlinear  deformation  in  the  notched  specimens  prior 
to  failure  is  strongly  material-dependent,  again  increasing  in 
the  order  B  —  A  ~  C 

(3)  Observations 

All  of  the  notched  specimens  fractured  in  nominal  mode  1 
wherein  the  principal  fracture  plane  was  normal  to  the  tensile 
axis,  such  that  the  fracture  surfaces  were  amenable  to  explicit 
measurements  of  the  fiber  pullout  distributions  and  the  fracture 
mirror  radii.  One  immediate  difference  between  material  B  and 
cither  of  the  other  materials  concerns  the  failure  location.  In 
material  B.  fracture  is  essentially  coplanar.  with  the  longitudi¬ 
nal  bundles  failing  on  the  same  plane  as  both  the  transverse 
bundles  and  the  matrix  (Fig.  7(a)).  However,  in  materials  A  or 
C.  the  longitudinal  bundles  fail  on  planes  offset  from  the  plane 
at  which  the  transverse  bundles  and  the  matrix  fracture  (Fig. 
7(b)).  Pullout  measurements  are  conducted  in  all  cases  with  ref¬ 
erence  to  the  matrix  failure  plane  within  the  bundles .  using  the 
SEM  technique  described  elsewhere."  The  cumulative  distri¬ 
bution  of  pullout  lengths,  h.  obtained  for  the  three  materials 
(Fig.  8)  reveals  that  It  is  appreciably  smaller  for  material  B  than 
for  either  of  the  other  two  materials. 

Fracture  mirror  measurements  (see  Fig.  10(a))  lead  to  the 
strength  distributions  summarized  on  Fig.  9.  It  is  apparent  that 
this  measure  of  the  in  situ  strength  indicates  no  signilicant  dif¬ 
ference  between  the  three  materials.  However,  because  of  the 
implicit  influence  of  the  slip  distance  on  5,  (Eq  (2)).  these 
results  do  not  necessarily  imply  that  the  fiber  bundle  strength  is 
the  same  for  each  composite. 

Direct  observations  of  the  fibers  after  testing  have  provided 
additional  information.  The  fibers  in  reference  material  A 
exhibit  smooth  surfaces  (Fig  10(a)).  characteristic  of  the  origi¬ 
nal  fiber.1  whereas  material  B  exhibits  particulates  attached  to 
the  fiber  surfaces  (Fig.  10(b)).  In  composite  C,  the  carbon  fiber 
coating  is  evident  (Fig.  10(c)):  In  some  areas,  the  coating  has 
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been  detached  trom  the  liber,  exposme  .i  pustule  stul.iee  mi  the 
uiutcrKine  fiber 

The  \-rax  penetrant  observations  conducted  mi  notched 
specimens  ul  materials  It  ami  ('  prmnie  inipurunl  information 
I  lie  III  In  all  material-,  ilamaee  in  l.ie  lorui  of  either  the 
I  -eraehs  or  H -cracks  i  indicated  on  the  tie  lire  i  lorm  a!  relative!) 
,,"a  loads  T  hese  cracks  are  believed  lo  mail  al  bundle  bundle 
and  bundle  main',  interlaces  However  this  damaec  appears  n< 
be  stable  and  does  not  directly  contribute  to  composite  lailure 
More  importantly.  in  materials  \  and  C  spin  crack'  extend 
from  the  notches,  eompaiable  lo  those  lound  in  cert  tin  C  AR's 
and  in  poKmer  malm  composites  in  latieue  The  erowth  >>l 
the  spin  eraeks  is  stable  such  that  the  crack  Icnetil.  I  .  increases 
w  ith  increase  in  load,  as  plotted  on  Fie  1 2  I  hese  splits  reduce 
the  stress  concentration  at  the  notch  tip  and  dimmish  the  retell 
seriMlivitv  ol  the  material,  analogous  to  the  effect  o|  me  pla  in 
/one  in  metals  In  material  H.  split  cracks  are  not  apparete 
Instead,  a  concentration  ol  moje  I  damage  appears  to  occur  al 
the  noteu  prior  lo  fracture 

Subsequent  to  failure,  polished  sections  examined  in  the 
SE.M  revealed  a  difference  in  matrix  crack  me  between  material 
B  and  either  A  or  C  In  the  latter  materials,  null  pie  matrix 
cracks  were  evident,  especially  in  reeions  where  the  liber  xol 
ume  fraction  was  low  and  the  matrix  reeions  were  readily 
resolved  in  the  SHM  Fie  1 3i  Some  ol  these  cracks  were  prc' 
ent  as  a  result  ot  process  me.  but  others  formed  durtne  testine 


Fig-  10.  SFM  observations  ol  the  surtaxes  ol  pulled-out  itbers 
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Conversely.  in  material  B.  there  was  no  dear  ev  idence  ot  multi 
pie  matrix  cracking  Instead,  where  <.racks  were  detectable, 
they  usually  caused  liber  failures 

V.  Analysis 

Various  obsersations  suggest  that  materiats  A  and  C  are  sub 
iect  to  a  damage  mechanism  involving  multiple  matrix  cracks, 
with  failure  governed  by  global  load  sharing  (F  ig.  2(an  These 
include  direct  observations  o!  matrix  microcracks  (f  ig  I.C.  as 
well  as  the  unconel  ited  nature  ot  liber  lailure  (Fig  I  Con 
verselv.  tor  material  B.  matrix  erackmg  was  not  evident 
Instead,  fracture  by  a  dominant  mode  I  crack,  accompanied 
by  tibei  failure,  is  considered  to  be  the  cot  'site  lailure 
mechanism  (Fig  2ihn.  consistent  with  the  fracture  mo  phol- 
og>  (Fig  7> 

Based  on  this  distinction  between  mechanisms,  values  tor  .S  . 
S„.  t.  and  m  are  obtained  in  the  manner  described  in  Section  II 
anil  summarized  in  Table  III  '  The  principal  features  ot  impor¬ 
tance  are  the  differences  in  the  liber  bundle  strength  .S„.  as  well 
as  the  interface  sliding  s'ress  among  the  three  materials  Nota¬ 
bly.  S.  is  lower  and  t  is  larger  lor  material  It  than  tor  either 
material  A  or  C  These  differences  arc  considered  to  be  related 
to  the  particulates  attached  to  the  fibers  m  material  B  iFig 
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Kip.  13.  S!:M  observation  oi  a  polished  section  alter  tcMtns  to  tail 
urc  show  me  matris  cracks  in  material  (.'  Processing  cracks  are  identi 
tied  (Pi  with  white  arrows,  while  loading  cracks  are  marked  with  black 
arrows  l(ourtes\,K  Turner) 


H’tbU  The  particulates  act  as  asperities  that  increase  t  and  also 
reduce  the  bundle  strength  ol  the  tibers  (either  by  abrasion  or  as 
a  result  ot  thermal  expansion  mismatch)  In  all  these  materials, 
the  fibers  have  a  bundle  strength  lat  gauge  length.  (  =  2.5  emi 
lower  than  that  tor  pristine  Nicalon  fibers  (S„  a  0.9  GPa  for  f  *-■ 
2  5  cm),  signifying  that  moderate  liber  degradation  occurs  dur¬ 
ing  composite  processing 

<  I )  Strength 

Preliminary  assessment  of  the  tensile  properties  (in  the  warp 
direction  I  is  made  by  assuming  global  load  sharing  (Fig  2<a)i 
and  predicting  the  ultimate  strengths  using  the  associated  fiber 
and  interface  properties  (Table  III),  tn  conjunction  w  ith  Hq  (7) 
The  results  arc  summarized  in  Fable  II  Direct  comparison  with 
the  measured  strengths  indicates  good  agreement  for  materials 
A  and  C  Conversely,  the  strength  of  material  B  is  lower  than 
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Tahir  UI.  Composite  Proper  ties  Based  on  Fracture  Mirror 
and  Pullout  Measurements 
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predicted.  anttvtp.iled  liom  the  m.ippiu  abilm  ot  -.'lohal  hud 
sharing  l  or  this  material  the  singic-<.f.ivk  1.1  S  inode;  !  .q 
1 1 2 1 .  predicts  strength'  in  close  agreement  with  tiie.i'utenieut - 
i  I  able  lh  A  transition  in  iaiiurc  me.  haiu-ni  ha-  ihu'  oc.  lined 
betvsecn  comi>osite  fi  ami lompoMiec  %  , .r  <.  Itu.iij  s  t>  1.1. S 
transition  is  related  to  the  m.igriiludt  of  the  i.ilio  ?  S  A  -  >tu- 
ratio  becomes  relatively  large  in  composite  B.  itfvt  taiiuie 
occurs  in  coniunetion  with  matrix  stacking,  leading  to  t.nlute 
by  a  dominant  crack  mechanism  Howexer.  an  explv  it  ■.  nuiei: 
lor  the  mechatiisiii  transition  iuo  set  to  tv  developed 

(3i  Soldi  Strength 

The  note  It  tensile  properties  ate  sttoneiv  influetued  b\  tfi. 
formation  ol  spin  cracks  il  ig  1  1  *  nijiulest  m  the  ttnnh  latger 
work  ol  rupture  tor  materials  .\  and  C  titan  lot  nutena!  B  d  ig 
hi  Similar  notch-strengthening  eftecl'  h.i'.c  been  loutu.1  in 
polymer  matrix  composites  following  spin  cracking  induced  n. 
latigue  "  Analogy  with  these  results  suggests  that  the  spin 
ting  reduces  the  stress  concentration  at  the  notch  I  urthet  'tud 
ies  would  he  needed  to  derive  explicit  relation-  hips  between  the 
notch  strength  and  the  properties  ol  the  tibers  and  interlaces 
However,  the  relatively  large  interlace  sliding  stress  t  m  mate 
rial  B  represents  a  ntaior  dillerence  and  i'  probably  the  origin  ol 
the  diminished  splitting  jnd  ihe  interior  notch  properties 

VI.  Concluding  Remarks 

The  present  study  has  explored  some  ol  Ihe  fundamental 
relationships  between  the  macroscopic  properties  o|  earbop 
matrix  composites  and  the  in  situ  properties  ot  the  libers  and  the 
interface  This  has  been  achetved  through  (he  use  ol  straightfor¬ 
ward  models  based  on  the  observed  latlure  mechanisms  Two  ot 
the  three  carbon  matrix  composites  investigated  here  exhibit 
fracture  and  notch  characteristics  indicative  ol  a  muiople- 
matnx  cracking,  global  load-sharing  mechanism:  and  the  nte a 
sured  tensile  strengths  are  in  good  agreement  with  model  pre¬ 
dictions  based  on  such  a  mechanism  One  ol  the  three  material' 
was  found  to  have  interior  strength  and  notch  semitone  and  a 
different  fracture  surface  morphology  The  dillerem.es  relative 
to  the  other  two  materials  arc  attributed  to  a  combination  ot 
a  large  interlace  sliding  stress  and  a  low  tibcr  bundle  strenqth 
lor  the  composite,  caused  by  particulates  m  the  matrix  that 
adhered  to  the  liber,  which  lead  to  a  transition  in  the  Irac 
lure  mechanism 

The  behavior  ol  these  materials  in  the  presence  ol  notches  is 
similar  to  th at  observed  in  polvmcr  malriv  composites  suhiect 
to  latigue  '  This  analogy  suggests  an  approach  lot  predicting 
the  notch  properties  that  will  be  explored  in  lurther  studies 
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ABSTRACT 


The  tensile  properties  of  various  carbon  matrix  composites,  reinforced  with  C  and 
SiC  fibers,  have  been  evaluated.  The  objective  is  to  assess  mechanics  procedures  for 
characterizing  the  influence  of  holes  and  notches.  Interpretation  has  been  attempted 
using  large-scale  bridging  mechanics,  with  linear  elastic  fracture  mechanics  as  one  limit 
and  notch  insensitivity  as  the  other.  Important  differences  between  the  materials, 
associated  primarily  with  the  fiber/ matrix  interfaces  and  the  in-plane  shear  strength, 
have  been  identified  and  attempts  made  to  rationalize  these  differences. 
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1.  INTRODUCTION 


One  of  the  important  macroscopic  mechanical  properties  of  2-D  brittle  matrix 
composites  is  the  effect  of  notches  and  holes  on  the  tensile  fracture  strength.  This 
information  is  required  both  for  design  and  for  the  development  of  improved  materials. 
The  approach  used  to  represent  this  behavior  is  governed  by  the  mechanisms  of  damage 
that  occur  near  the  notch  and  their  influence  on  the  stress  field  around  the  notch.  For 
design,  a  simple  representation  of  the  results  is  needed.  Various  representations  have 
been  used  for  structural  materials.  One  is  based  on  elastic  stress  concentration  factors.1 
Another  uses  linear  elastic  fracture  mechanics  (LEFM).2  Intermediate  behaviors  are 
frequently  found  in  brittle  matrix  composites.3  Two  approaches  for  characterizing  notch 
size  effects  in  this  intermediate  regime  have  recently  been  proposed  using  either  the 
mechanics  of  large-scale  bridging  (LSBM)  or  continuum  damage  mechanics  (CDM).4'7 
The  LSBM  approach  is  relevant  whenever  fracture  from  the  notch  involves  a  single 
matrix  crack  with  bridging  tractions  acting  across  the  crack,  provided  by  fiber 
reinforcements.8'9  The  CDM  approach  is  more  applicable  whenever  multiple  matrix 
cracks  emanate  from  the  notch.  The  essential  non-dimensional  parameters  that 
interpolate  between  notch-sensitive  and  notch-insensitive  behavior  are  described  in  the 
Appendix.  One  objective  of  the  present  study  is  to  examine  various  mechanics 
approaches  for  several  carbon  matrix  composites,  all  having  the  same  fiber  architecture. 

Brittle-matrix  composites  exhibit  at  least  three  dominant  behavioral  classes  (I,  II,  III), 
governed  by  the  operation  of  different  damage  mechanisms10'12  (Fig.  1).  Some  of  the 
differences  in  notch  properties  between  these  classes  are  described  in  the  Appendix.  The 
mechanics  used  to  predict  trends  in  notch  properties  for  a  particular  composite  require 
that  the  behavioral  class  be  identified.  Such  mechanism  identification  represents 
another  objective  of  this  study. 
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2.  EXPERIMENTAL  PROCEDURES 

2.1  Materials 

Four  carbon  matrix  composites  were  supplied  by  BP  Chemicals  (HITCO),  Inc.  Two 
were  carbon/carbon  (C/C)  materials,  designated  here  as  materials  X  and  Y.  The  others 
were  SiC/C  Ceracarb™  composites,  designated  materials  B  and  C.3  All  of  the 
composites  had  a  fiber  architecture  comprising  an  eight  harness  satin  weave.  The  layers 
of  fabric  were  laid  up  in  a  0/90  fashion  to  yield  a  nominal  fiber  volume  fraction, 
f  ~  0.43,  and  a  fiber  fraction  aligned  with  each  of  the  two  principal  axes,  /$  *  0.22.  All 
the  materials  were  fabricated  by  conventional  lamination,  followed  by  pyrolysis  and 
chemical  vapor  infiltration.  The  C/C  materials  have  Thornel  T300™  fibers  as 
reinforcements.  Material  X  is  a  reference  material,  wherein  no  elements  other  than 
carbon  are  present  in  the  matrix.  Material  Y  contains  particulates  introduced  into  the 
matrix  during  impregnation  of  the  fabric.  The  Ceracarb™  materials  contain  Nicalon™ 
fibers  in  a  matrix  similar  to  that  of  C/C  material  Y.  In  material  C,  the  fibers  are  coated 
with  a  thin  layer  of  pyrolitic  carbon.  Material  B  has  no  fiber  coating. 

2.2  Test  Procedures 

Rectangular  specimen  blanks  130  mm  long  were  prepared  by  diamond  machining. 
In  some  specimens,  double-edge  notches  were  introduced  using  a  500  (Im  thick  profiled 
diamond  wheel  with  a  250  p.m  tip  radius.  In  others,  either  a  center  notch  or  hole  was 
produced.  For  the  C/C  composite,  three  effects  of  notch  geometry  were  investigated. 
One  series  of  tests  was  conducted  on  specimens  of  width,  2b  =  15  mm,  but  with  three 
edge  notch  sizes,  ao  =  1.875  mm,  3.75  mm  and  5.625  mm.  These  tests  gave  a  range  in 
aQ/b  =  0.25, 0.5  and  0.75.  The  purpose  of  these  tests  was  to  investigate  notch  sensitivity 
at  a  single  specimen  scale.  A  second  series  of  edge-notch  tests  consisted  of  specimens 
with  fixed  ratio  a0/b  =  0.5,  but  with  variable  specimen  widths,  2b  =  5,  10,  15  or 
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24  mm,  with  the  aim  of  investigating  the  effect  of  absolute  scale.  These  results  were  then 
compared  with  the  behavior  found  for  center  notches.  For  the  SiC/C  material,  tests 
were  conducted  with  edge  notches,  center  notches  and  center  holes,  all  with 
aG/b  =  0.32. 

Baseline  strength  data  were  obtained  from  tensile  coupons  slightly  waisted  over 
their  gauge  lengths.  Waisting  was  achieved  by  using  a  150  mm  diameter  grinding  wheel 
to  give  a  reduction  in  width  conforming  to  a  circular  arc,  with  a  maximum  reduction  of 
1  mm  from  each  side.  For  the  C/C  materials,  two  width  scales  were  used  in  the  gauge 
length:  8  and  2  mm.  For  the  SiC/C  composites,  only  8  mm  widths  were  tested.  Six 
specimens  were  tested  for  each  condition.  The  specimens  were  loaded  in  tension  in  a 
servohydraulic  load  frame.  Loads  were  introduced  using  aligned  hydraulic  grips.  Tests 
were  conducted  in  displacement  control  at  an  actuator  speed  of  2  pm/s.  Displacements 
were  measured  using  a  centrally  mounted  10  mm  dip  gauge.  For  measuring  the  local 
strains  in  the  longitudinal  and  in  the  transverse  directions,  strain  gauges  consisting  of 
single  foils  and  with  a  gauge  length  of  0.75  mm,  were  used*.  The  strain  gauge  signals 
were  monitored  using  Micro  Measurement  amplifiers.**  The  analog  signals  from  the 
strain  gauge  amplifier  were  digitized  using  an  A/D  board,***  and  all  data  from  the  tests 
were  sampled  using  a  PC  data  acquisition  program,  which  also  controlled  the  test 
machine.  The  tests  were  conducted  either  as  monotonic  loading  to  fracture  or  as 
loading-unloading  tests  to  measure  the  influence  of  accumulated  damage  on  the 
stiffness  of  the  materials. 

Damage  development  was  monitored  by  infiltrating  the  material  with  a  Znh 
solution,  while  under  load,  and  then  using  an  X-ray  method  to  image  damaged  regions. 
Fracture  surfaces  were  studied  using  scanning  electron  microscopy  (SEM).  Preliminary 


*  Micro  Measurement  type  EA-06-031DE-120 

*'  ..leasurement  Group,  model  2120A,  strain  gauge  conditioners  with  a  model  2110A  power  supply 
***  Instron,  model  8500-133 
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information  about  the  notch  tip  stress  distributions  was  obtained  on  the  C/C 
composites  by  Stress  Pattern  Analysis  using  Thermal  Emission  (SPATE):13-14  a 
procedure  by  which  surface  temperature  distributions  were  measured  while  the 
specimen  was  cyclically  loaded  between  0  and  50  MPa.  These  temperatures  are,  in  turn, 
related  to  the  sum  of  the  in-plane  principal  stresses.  A  comparison  is  made  between  the 
material  prior  to  testing  and  after  preloading  to  120  MPa. 


3.  MEASUREMENTS  AND  OBSERVATIONS 
3.1  Tension  Tests 

The  tensile  tests  gave  reasonably  consistent  results  (Fig.  2,  Table  I).  All  materials  are 
slightly  non-linear  .  The  C/C  material  X  and  the  SiC/C  material  C  exhibited  similar 
strengths.  There  was  no  significant  influence  of  specimen  width,  except  for  the  greater 
variability  for  the  narrower  specimens,  probably  reflecting  the  inconsistent  number  of 
0°  tows  in  the  cross  section.  The  C/C  material  Y  was  weaker  than  X,  while  the  SiC/C 
material  B  had  the  lowest  strength.* 

The  non-linearities  are  reflected  in  the  measurements  of  unloading  modulus,  E,  and 
Poisson's  ratio,  V  (Fig.  3).  It  is  apparent  that  the  SiC/C  materials  develop  significant 
non-linearity,  commencing  at  ~  100  MPa,  manifest  in  a  reduced!  and  V.  These  changes 
arc  attributed  to  combined  effects.  cf  matrix  cracks  ai.d  fiber  failure.  The  reduction  in  E 
and,  particularly,  V  is  more  pronounced  for  material  C,  suggesting  a  greater  incidence  of 
matrix  cracks  prior  to  failure.  Conversely,  E  for  the  C/C  materials  changes  by  <  3% 
prior  to  composite  failure.  For  these  materials,  V  is  negative  and  ranges  between  -  0.1 
and  0,  but  does  not  appear  to  vary  in  a  systematic  manner  as  loads  are  applied. 


*  Two  C/C  specimens  were  cyclically  loaded  up  to  one  million  cycles.  The  compliance  did  not  change 
significantly  and  the  final  damage  was  not  visibly  larger  than  that  of  specimens  loaded  to  the  same 
stress  level  under  monotonic  loading. 
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3.2  Notched  Tension  Tests 


Load /deflection  curves  obtained  on  edge*notched  specimens  indicate  various  levels 
of  non-linearity  prior  to  unstable  fracture,  as  illustrated  by  results  for  the  C/C 
composites  (Fig.  4).  The  non-linearities  also  coincide  with  an  increase  in  compliance. 
Furthermore,  loading/unloading  cycles  conducted  on  specimens  previously  loaded 
close  to  their  failure  stress  revealed  significant  hysteresis.  The  specimens  with 
a0/b  =  0.75  retained  a  load  bearing  capability  after  achieving  their  maximum  load. 
Specimens  with  smaller  notches  all  failed  catastrophically.  The  C/C  specimens  with 
fixed  aD/b  (=  0.5),  but  of  varying  widths,  showed  a  pronounced  size  effect  (Fig.  5a). 
Material  X  consistently  exhibited  a  higher  notch  strength  than  material  V.  There  was 
also  a  strong  effect  on  strength  of  relative  notch  depth,  a0/b,  at  fixed  width  (Fig.  5b, 
Table  II). 

The  SiC/C  materials  exhibited  a  similar  set  of  notch  characteristics,  with  material  C 
superior  to  material  B.  The  results  are  summarized  in  Table  II,  which  compares  the 
notch  strength,  Sn,  with  the  net  section  stress.  On-  Evidently,  the  relative  degradation  in 
tensile  strength  caused  by  notches  is  similar  in  both  materials.  Moreover,  notches  result 
in  a  greater  degradation  than  holes.  Strain  gauge  measurements  made  around  holes  and 
notches,  as  the  materials  are  loaded  to  failure,  gave  the  strain  concentration  factors  at 
composite  failure,  summarized  in  Table  II.  In  each  case,  the  strain  concentrations  are 
either  comparable  to,  or  somewhat  lower  than  the  values  expected  for  an  isotropic 
elastic  system.1 

3.3  Damage  Observations 

The  X-ray  die  penetrant  measurements  indicate  that,  in  three  of  the  materials  (C/C, 
X,  Y,  and  SiC/C,  C  ),  damage  occurs  and  concentrates  within  a  narrow  zone  normal  to 
the  notch  (Fig.  6).  Related  studies  of  sectioned  specimens15  have  revealed  that  the 


damage  consists  of  a  network  of  matrix  microcracks,  with  the  majority  of  the  fibers 
intact,  similar  to  the  shear  damage  found  in  other  brittle  systems.16  The  lateral  width  of 
the  zone,  4,  increases  as  the  stress  increases.  Furthermore,  when  normalized  with  the 
notch  depth,  a0,  the  damage  extent  for  each  notch  geometry  appears  to  be  uniquely 
related  to  the  applied  stress  for  each  class  of  material  (Fig.  7).  The  zone  size  is  consistently 
larger  for  edge  notched  than  center  notch  specimens.  The  two  C/C  materials  exhibited 
similar  damage  propagation  behaviors.  The  SiC/C  material  C  exhibited  relatively  less 
damage.  The  SiC/C  material  B ,  on  the  other  hand,  had  no  discernible  damage  (Fig.  6b). 

Tests  conducted  using  SPATE  on  one  of  the  C/C  composites  had  the  features 
illustrated  in  Fig.  8.  The  principal  comparison  is  between  the  temperature  contours  in 
the  pristine  state  (Fig.  8a)  and  those  evident  after  introducing  damage  by  preloading 
(Fig.  8b).  The  preload  used  coincided  with  a  damage  zone  size,  i/ao  =  1.  A  qualitative 
comparison  of  Figs.  8a/b  indicates  that  a  significant  stress  redistribution  has  been 
caused  by  damage.  The  uncalibrated  temperature  scales  that  accompany  the  SPATE 
images  provide  a  relative  measure  of  the  temperature  range  in  the  specimen,  and  are 
scaled  to  range  between  the  lowest,  far  field  temperature,  and  the  highest  notch  tip 
temperature. 

Observations  of  fracture  specimens  conducted  in  the  scanning  electron  microscope 
revealed  differences  between  the  C/C  and  SiC/C  materials.  In  the  former,  the  0°  fiber 
bundles  closest  to  the  notch  typically  failed  at  some  distance  from  the  notch  plane 
(Fig.  9),  leading  to  bundles  pulled  out  of  the  composite.  In  the  latter,  there  are  no  obvious 
preferred  bundle  pull-outs  near  the  notch  root  (Fig.  11).  However,  some  generalized 
bundle  pull-out  is  evident  in  material  C.  Fiber  pull-out  was  evident  in  all  cases 
(Table  III)  with  the  pull-out  lengths  being  smallest  in  SiC/C  composite  B  (Fig.  10), 
attributed3  to  a  large  value  of  the  interface  sliding  stress,  T  (Table  HI). 

In  all  composite  systems,  cracks  are  evident  in  the  90°  bundles  at  the  notch  root 
(Fig.  11).  Some  have  a  large  opening  displacement,  consistent  with  their  formation 
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during  processing.  Others  appear  to  be  stress  induced  and  are  indicative  of  the  failure 
sequence,  elaborated  below. 


4.  ANALYSIS 

4.1  Overall  Assessment 

The  good  notch  properties  of  the  present  composites,  relative  to  those  of  the 
unreinforced  matrices,  are  believed  to  be  attributable  to  damage,  consisting  of  matrix 
cracks  coupled  with  fiber  bridging  effects  along  the  plane  of  final  failure.  The  damage 
redistributes  stresses  and  reduces  the  tensile  stress  at  the  notch  tip.  These  phenomena 
are  somewhat  analogous  to  the  role  of  the  plastic  zone  in  metals.2'17  In  order  to 
rationalize  the  experimental  results,  it  is  necessary  to  have  appreciation  that  several 
behavioral  classes  are  possible  (Appendix).  Three  of  the  materials  (C/C,  X,  Y,  and 
SiC/C,  C)  exhibit  a  distinct  shear  damage  zone  and  will  be  treated  as  class  IH  systems. 
One  material  (SiC/C,  B  )  fails  in  mode  I  and  is  regarded  as  class  I.3 

In  class  HI  materials,  stress  redistribution  occurs  as  a  result  of  shear  band  formation 
at  the  notch.  When  the  band  size  £  is  relatively  small,  LEFM  should  be  applicable. 
Deviations  from  LEFM  are  expected  when  £  is  large.  Consequently,  the  important 
issues  are:12'18  (i)  the  ratio  of  the  damage  zone  size  to  the  notch  size,  (ii)  the  stress  and 
strain  distributions  ahead  of  the  crack,  (iii)  the  failure  criterion,  which  dictates  the 
magnitude  of  the  local  stress  at  the  fracture  criticality.  The  interpretation  of  the  notch 
properties  involves  separate  considerations  of  each  of  these  issues. 

For  class  I  materials,  stress  redistribution  is  associated  with  the  tractions  across  the 
crack,  governed  by  fibers  that  bridge  and  pull-out  as  the  crack  extends.4'7  The 
magnitude  and  geometric  scale  of  these  tractions  are  of  primary  relevance,  as  governed 
by  the  sliding  stress,  T ,  the  characteristic  fiber  strength,  Sc,  and  the  pull-out  length,  h. 
When  the  bridging  zone  is  small  compared  with  the  notch  size,  LEFM  should  be 
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applicable.  Conversely,  when  the  bridging  zone  is  large,  the  notch  properties  are 
expected  to  be  represented  by  large-scale  bridging  mechanics  (LSBM),  as  described  in 
the  Appendix. 

The  presence  of  cracks  near  the  notch  tip  in  the  90°  bundles  (Fig.  11)  suggests  that 
first  damage  consists  of  matrix  cracks  in  these  bundles.  Similar  behavior  has  been  found 
in  other  CMCs19  and  analyzed  using  a  tunnel  cracking  model.20  Subsequent  damage 
appears  to  be  dependent  on  the  material,  via  the  behavioral  class.  Consequently,  each 
class  is  considered  separately. 

4.2  Class  III  Systems 

In  the  C/C  composites,  as  well  as  in  SiC/C  material  C,  transverse  damage  is 
prevalent,  indicative  of  class  in  behavior.  The  form  of  the  damage  growth  curve  (Fig.  7) 
suggests  that  the  damage  can  be  regarded  as  a  band  subject  to  shear  strength,  T.  The 
growth  of  a  shear  band  has  the  following  characteristics:21'22  when  the  band  length,  2, 
is  small  compared  with  the  notch  depth,  ao  (2  /a<,  <  0.3),  its  magnitude  is  given  by  the 
small-scale  yielding  (SSY)  result, 

Z/a0  ~  0.0527t(o/T)2  (2a) 

At  larger  zone  sizes,  2  /a*,  >  2,  the  zone  length  conforms  to  a  shear  lag  (SL)  solution, 

*/a0  -  o/T  (2b) 

At  intermediate  2  /ao,  numerical  solutions  provide  the  appropriate  relationship.21'22 

The  band  growth  curves  predicted  by  these  solutions  are  found  to  superpose  onto 
the  experimental  measurements  (Fig.  7),  upon  choosing  explicit  magnitudes  for  T, 
somewhat  dependent  on  notch  geometry.  For  double  edge  notch  specimens, 
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T  =  50  MPa  for  the  C/C  composites  and  T  =  60  MPa  for  SiC/C  composite  C. 
Somewhat  larger  values  apply  for  the  center  notch:  T  =  60  and  70  MPa,  respectively. 
These  values  are  consistent  with  independent  measurements  of  the  in-plane  shear 
strength  of  these  materials.23  This  consistency  with  a  shear  band  model  is  the  basis  for 
conducting  further  analysis.  The  smaller  values  of  T  found  for  edge  notches  than  center 
notches  may  reflect  the  existence  of  appreciable  normal  tension  along  the  shear  zone,  in 
the  edge  configuration.20  Superposed  tension  is  known  to  facilitate  the  propagation  of  a 
shear  damage  zone  in  brittle  solids.16 

In  the  presence  of  a  shear  band  at  a  notch  in  a  tensile  specimen,  the  stresses  ahead  of 
the  notch  are  redistributed.  Finite  element  calculations  (Fig.  12a)  indicate  that  the  Oyy 
stresses  immediately  ahead  of  the  notch  are  dramatically  reduced  by  shear  damage, 
with  a  corresponding  relative  increase  further  from  the  notch.  The  reduced  stress  occurs 
in  the  range 

x/a0  <  0.1  (3) 

where  x  is  the  distance  from  the  notch  tip.  The  associated  hydrostatic  stress  contours 
(Fig.  23b)  are  also  qualitatively  consistent  with  the  SPATE  temperature  contours  (Fig.  8). 
The  relatively  low  Gyy  stresses  close  to  the  notch  induced  by  the  shear  band  is 
considered  to  be  the  origin  of  the  notch  resistance  found  in  class  III  compc:ites. 

Given  the  phenomenological  similarity  of  the  shear  band  behavior  to  the  influence  of 
a  plastic  zone  in  metals,  LEFM  is  used  to  obtain  a  critical  mode  I  stress  intensity  factor, 
Kig  from  the  results.  The  magnitude  of  K\q  is  obtained  for  one  notch  configuration  and 
then,  the  notch  strengths  measured  for  all  other  geometries  are  checked  for  consistency 
using  standard  stress  intensity  formulae.  For  double  edge  notched  (DEN)  specimens,24 
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Ssft  [i.98  +  0.36  (ac/b)  -  2.12(a0/b)2  +  3.42(a0/b)3] 


(4a) 


K 


ic 


whereas,  for  center  notched  (CN)  specimens24 

KIC  =  SNV^[l.77  +  0.227(ao/b)-0.5l(ao/b)'  +  2.7(ao/b)3]  (4b) 

with  Sn  being  the  measured  notch  strength. 

The  results  (Fig.  5)  obtained  for  edge  notched  C/C  specimens  indicate  good 
correspondence,  with  Kic  =  16  MPaVm"  for  material  X  and  15  MPaVnT  for  material  V. 
However,  the  corresponding  values  inferred  from  the  center  notch  specimens  are 
consistently  larger  (Table  IV).  Consequently,  there  are  limitations  to  the  universality  of 
LEFM,  which  need  to  be  further  explored.  The  difference  in  behavior  found  between 
edge  and  center  notches  may  reflect  differences  in  the  shear  strength,  T  (Fig.  7),  and 
associated  stress  redistribution  effects. 

It  would  be  anticipated  that  LEFM  is  less  likely  to  apply  for  small  notches  and 
manufacturing  flaws  because  of  the  relatively  large-scale  influence  of  the  shear  band  on 
the  notch  tip  stress  field.  Nevertheless,  it  is  of  interest  to  interpret  the  unnotched  tensile 
strength  by  invoking  LEFM.  This  is  accomplished  by  extrapolating  the  LEFM  curve 
(Fig.  5a)  to  the  measured  tensile  strength  and  inferring  a  flaw  size.  This  procedure  infers 
flaws  having  size,  a0  *  500  |lm.  This  size  is  similar  to  the  dimensions  of  the  90° 
bundles.  Since  cracks  form  readily  in  these  bundles  (Fig.  11),  LEFM  appears  to  describe 
the  unnotched  properties,  surprisingly  well.  Again,  however,  additional  testing  is 
needed  to  fully  appreciate  the  hmits  on  the  use  of  LEFM. 

The  corresponding  results  for  SiC/C  material  C  are  not  sufficient  to  address  the 
corresponding  applicability  of  either  LEFM  or  LSBM.  However,  estimates  of  Kiq  with 
comparison  between  edge  a  center  notched  specimens  (Table  IV),  indicate 
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comparable  toughness  levels  and  a  discrepancy  between  DEN  and  CN  results  similar  to 
that  for  the  C/C  materials. 

4.3  Class  I  Systems 

It  is  believed  from  previous  studies3  that  the  SiC/C  material  B  is  class  I,  whereupon 
LSBM  would  be  expected  to  have  greater  applicability  than  LEFM.  Indeed,  the  use  of 
LEFM,  based  on  Kic  estimates  (Table  IV),  indicates  a  major  discrepancy  between  DEN 
and  CN  results.  Consequently,  LSBM  analysis  is  attempted.  Before  proceeding,  the 
prerequisite  that  the  material  be  class  I  is  addressed  by  comparison  with  the  mechanism 
map  (Appendix).  The  experimental  stress/strain  relationships  (Fig.  3)  combined  with 
the  constituent  properties  (Table  HI)  for  a  notch  size  ao  =  1.5  mm,  establish  that  the  (5, 
£ )  coordinates  on  this  map  (Fig.  Al)  are  (0.04,  0.3).  These  coordinates  are  consistent 
with  class  I  being  the  operative  behavior.  As  further  background,  it  is  noted  that  the 
pull-out  stress  (Eqn.  A4)  obtained  using  the  parameters  from  Table  III  (ap  =  270  MPa) 
is  a  reasonably  close  lower  bound  for  the  measured  UTS  (S  =  225  MPa),  whereas  the 
strength  predicted  by  assuming  global  load  sharing  (Eqn.  A4,  Su  =  380  MPa)  is 
considerably  larger  than  the  UTS. 

A  procedure  for  using  LSBM  requires  that  the  relative  strengths  measured  on  the 
specimens  with  center  notches  and  center  holes  (Table  II)  be  superposed  onto  the  design 
diagram  (Fig.  A2b).  When  this  is  done  (Fig.  13),  all  results  are  found  to  be  consistent 
with  a  pull-out  flaw  index  having  magnitude,  A p  =  0.2-0.4.  Independent  evaluation  of 
this  index  (using  Eqn.  A6),  gives,  Ap  =  0.1  for  1.5  mm  radius  holes  and  notches.  The 
correspondence  is  reasonable  and  encouraging,  but  the  results  are  insufficient  to 
establish  that  LSBM  is  the  preferred  mechanics  approach  for  this  material. 
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5.  CONCLUSIONS 


An  effort  has  been  made  to  understand  the  stress  redistribution  mechanisms  that 
operate  in  various  C  matrix  composites  subject  to  strain  concentrations,  such  as  holes 
and  notches.  Based  on  these  mechanisms,  plus  associated  implications  for  the  scale  of 
stress  redistribution,  a  preliminary  assessment  has  been  made  of  various  mechanics 
methodologies.  It  is  found  for  class  in  materials,  in  which  shear  bands  constitute  a 
major  mode  of  stress  redistribution,  LEFM  applies  reasonably  well,  despite  quite  large- 
scale  non-linear  zones  around  the  notch.  In  a  class  I  material  (SiC/C  material  B )  that 
does  not  exhibit  shear  banding  and  also  has  relatively  small  fiber  pull-out  lengths,  the 
LSBM  approach  appears  to  provide  consistent  predictions  of  the  influence  of  center 
notches  and  holes.  However,  considerable  additional  data  would  be  required  to  provide 
a  rigorous  assessment  of  LSBM  compared  with  LEFM. 


6.  ACKNOWLEDGMENTS 

This  work  was  supported  by  the  Defense  Advance  Research  Projects  Agency 
through  the  University  Research  Initiative  under  ONR  contract  N-00014086-K-0753. 


KJS  11/13/02 


14 


APPENDIX 


Mechanics  Methodology  for  CMCs 

For  each  of  the  three  classes  of  behavior  illustrated  in  Fig.  1,  a  different  mechanics 
appears  to  be  required,  which  combines  aspects  of  LEFM,  CDM  and  LSBM.  In  this 
appendix,  some  of  the  key  results  applicable  to  LSBM  are  presented.  The  first  important 
LSBM  result  is  the  mechanism  map  that  distinguishes  class  I  and  class  II  behaviors11 
(Fig.  Al).  LSBM  is  only  strictly  applicable  when  class  I  behavior  arises.*'5  The  indices  on  this 
diagram  are  as  follows:  (i)  An  interface  index  for  fiber  bridging,  S  (which  is  the  inverse  of 
the  flaw  index),11 

S-'  -  =  [/,/(l -/,)’]  [EE//E„]![a0t/RS<F(m)]  (Al) 

where  E  is  Young's  modulus,  T  the  sliding  stress,  R  the  fiber  radius,  Sc  the  characteristic 
strength,25  /j,  the  fiber  volume  fraction  and 

F(m)  =  [V(m  +  2)f-',,[(m  +  l)/(m  +  2)]  (A2) 

(ii)  A  non-linearity  index,11 

Z  .  <W/cScF(m)  (A3) 

where  Gmc  is  the  matrix  cracking  stress,  which  approximately  coincides  with  the  onset 
of  non-linearity  in  the  unnotched  stress/ strain  curve. 

Whenever  the  unnotched  tensile  properties  of  the  composite  are  consistent  with 
global  load  sharing  (GLS)  predictions,  the  UTS  is25 
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Su  =  /iScF(  m)  (A4) 

In  some  cases,  the  tensile  properties  in  the  unnotched  state  are  controlled  by  the 
pull-out  stress,26 

Op  =  2/,rh/R  (A5) 

where  h  is  the  pull-out  length.  For  materials  having  the  latter  characteristic,  LSBM 
establishes  a  pull-out  flaw  index4 

a  -  (*./*) K/e)  .... 

*  V.MRE) 

Subject  to  the  pull-out  index,  the  tensile  properties  are  straightforward  and  are 
predicted  to  vary  in  accordance  with  design  diagrams  (Figs.  A2a,  b).  When  GLS  governs 
the  unnotched  properties,  the  appropriate  flaw  index  is  A  b  (Eqn.  Al).  The 
corresponding  notch  tensile  characteristics  also  depend  on  Op  /Su  (Fig.  A2c).  However, 
these  results  are  only  strictly  applicable  when  class  I  behavior  occurs.  Materials 
compatible  with  GLS  predictions  often  exhibit  multiple  matrix  cracking,  which  introduces 
other  stress  redistribution  mechanisms. 
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TABLE  I 


Summary  of  Measurements  Obtained  From  Unnotched  Tension  Tests 


Material 

Specimen 
Width  (mm) 

Ultimate 
Strength  (MPa) 

C/C 

X 

2 

345  ±25 

8 

341  ±7 

y 

2 

292  ±27 

8 

289  ±  10 

SiC/C 

B 

8 

225  ±30 

C 

8 

345  ±30 
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TABLE  II 
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TABLE  III 


Summary  of  Constituent  Parameters  for  SiC/C  Composites^ 


MATERIAL 

B 

C 

fl 

0.22 

0.22 

X  (MPa)* 

90 

10 

Em  (GPa) 

30 

20 

E  /  (GPa) 

200 

200 

E  (GPa) 

70 

59 

Sc  (GPa) 

2.5 

2.3 

R  (pm) 

7 

7 

h  (pm) 

50 

300 

*  T  is  evaluated  from  h  by  considering  that  multiple 
matrix  cracking  occurs  in  both  materials. 
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TABLE  IV 

Summary  of  LEFM  Based  Analysis  of  Notch  Properties 


MATERIAL 

NOTCH  TYPE 

ao/b 

Kic  (MPaVnT) 

DEN* 

0.30 

8 

B 

CNt 

0.32 

12 

SiC/C 

C 

DEN 

0.40 

15 

CN 

0.32 

18 

DEN 

0.50 

18 

X 

CN 

0.32 

24 

C/C 

DEN 

0.50 

15 

Y 

CN 

0.32 

17 

*  DEN 
t  CN 


Double  Edge  Notched 
Center  Notched 
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FIGURE  CAPTIONS 


Fig.  1 .  A  schematic  of  the  three  behavioral  classes  found  in  CMCs. 

Fig.  2.  Tensile  stress/ strain  curves  obtained  on  unnotched  specimens. 

Fig.  3.  Changes  in  unloading  modulus  E  and  Poisson's  ratio,  V,  following  loading. 

Fig.  4.  Stress /displacement  curves  obtained  for  notched  C/C  materials  indicating 
varying  degrees  of  non-linearity  prior  to  failure. 

Fig.  5.  a)  The  influence  of  notch  depth  on  the  failure  strength  of  C/C  composites  with 
fixed  ao/b  =  0.5.  b)  The  effect  of  a/b  at  fixed  specimen  width.  Also  shown  are 
the  curves  associated  with  LEFM  characterization,  extrapolated  to  the 
unnotched  tensile  strength. 

Fig.  6.  The  damage  zone  at  failure  in  each  of  the  materials,  visualized  using  an  X-ray 
die  penetrant  method,  a)  C/C  material  X,  b)  SiC/C  material  B,  c)  SiC/C 
material  C.  The  damage  zone  for  the  C/C  material  Y  is  similar  to  that  of  the 
C/C  material  X. 

Fig.  7.  The  normalized  shear  band  length  as  a  function  of  stress  obtained  for  C/C 
materials  X  and  Y,  and  SiC/C  material  C  :  a)  edge  notched  specimens, 
b)  center  notched  specimens.  Also  shown  are  curves  calculated  for  values  of 
shear  strength,  T,  consistent  with  the  measurements. 

Fig.  8.  Temperature  amplitude  distribution  ahead  of  a  notch  in  C/C  material  X 
measured  using  SPATE:  a)  as-notched,  b)  after  preloading  to  120  MPa. 

Fig.  9.  Scanning  electron  microscope  views  of  a  failure  plane  in  a  notched  C/C 
composite:  a)  global  view  of  the  fracture  plane,  b)  and  c)  are  matching  fracture 
surfaces.  Note  the  bundle  pull-outs  near  the  notch  root. 

Fig.  10.  Failure  planes  in  SiC/C  materials:  a)  material  B,  b)  material  C. 

Fig.  11.  Cracks  in  90°  bundles  formed  at  the  notch  root  upon  testing  to  failure, 
indicated  by  the  arrows. 

Fig.  12.  Finite  element  calculations  of  the  stress  ahead  of  a  notch  a)  Oyy  stress  on  notch 
plane  as  a  function  of  slip  zone  length,  £/a0,  b)  stress  contours.  On  +022/ 
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normalized  by  the  net  section  stress.  On  (for  ao/b  =  0.5),  for  comparison  with 
the  SPATE  contours  (Fig.  8b). 


Fig.  13. 

Fig.  Al. 
Fig.  A2. 


A  superposition  of  the  results  from  center  notched  specimens  and  specimens 
with  a  center  hole  on  the  LSBM  design  diagram. 


A  mechanism  map  for  class  I  and  class  II  brittle  matrix  composites. 

Notch  sensitivity  diagrams  for  class  I  composites:  a)  Pull-out  dominated 
failure  ao/b  -» 0,  b)  Effects  of  plate  width,  c)  Combined  bridging  and  pull-out, 
ao/b  — *  0. 
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Class  I 

Matrix  Cracking  +  Fiber  Failure 


Pull-Out  Tractions 
Redistribute  Stress 


Class  II 

Matrix  Cracking:  No  Fiber  Failure 


Redistribute  Stress 


Class  HI 

Shear  Damage  By  Matrix  Cracking 
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FIGURE  13 


Relative  Hole  Size,  a0/b 
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THF.  MECHANICS  OF  FAILURE  OF  SILICON  CARBIDE 
FIBER-REINFORCED  GLASS-MATRIX  COMPOSITES 

S.  JANSSON  and  l.  A.  LECKIE 

Department  uf  Nii.\h.jnii4!  ,iru;  f  n\ ;rnr,r. Engineering  l  iwcish  v:  (  jammi.i.  Sar.l.i  H.iiKn.; 

I  \  9  tilth  l  S  \ 

iR'i  ,'IIVJ  y*  I VV l  m  r  ,r;v<J  hrrm  .'  1/:,;.  /  , 

Abstract  -Tensile  and  bending  test'  hate  been  performed  or,  j  high-strenelh  'iluon  carhnjc  liber 
remlorced  elas'-matris  1LAS1  composite  The  experimental  resu!i'  indicate  that  the  Mfcngth  o!  l!ie 
compoMie  eoiiiponent  o  strongly  dependent  on.  the  geometry  jnd  loading  A  mode,  o!  taiiurv  i»  developed 
winch  allows  .1  uniform  interpretation  ot  the  experiment'  w her.  due  account  o  taker  o!  the  'trergth  ot 
the  muirtv  the  stali'liea!  nature  of  the  proper  e>  of  the  libers,  and  the  dimension  ol  the  fiber  pull-out 
length 

Resume — On  e fleet ue  des  essais  en  traction  et  en  flexion  sur  des  composites  a  haute  resistance  formes  d  une 
matrice  de  serre  renforcee  par  des  fibres  ae  carbure  de  sihaun.  Les  rcsultats  cxpenmer.tauv  tndiquer.t 
que  la  resistance  mecamque  du  composite  depend  fortemem  de  la  geometric  et  de  ia  charge  t  r.  modeic 
de  rupture  est  deveioppe  qui  permet  une  interpretation  unique  dcs  experiences  iorsque  for.  bent  compte 
de  la  resistance  mecanique  de  la  matrice.  de  la  nature  statistique  des  proprictes  des  fibres  et  de  ia  longueur 
darrachage  des  fibres. 

Zusammenfassung — Zug-  und  Biegcversuche  wrrden  an  hochfesten  Verbundwerkstoficn  mil  Cilasmatrix 
und  einer  Verstarkung  mit  Fasem  aus  Stliziumkarbid  durchgefiihrt  Die  Frgebnissc  zctgc;..  dali  die 
Fesugkcit  der  verstarkenden  Komponente  stark  von  der  Geometric  und  der  Belastung  abhangt  Fan 
Bruchmodel!  ward  enlwickelt.  mi!  dem  die  Experimcnte  einheithch  erklari  werden  konnen.  wenn  die 
Fesngkeu  der  Matrix,  die  statistische  Natur  der  Fasereigenschaften  und  die  Grolic  der  Fascr-Auszugslange 
richlig  berucksichtiet  werden. 


1.  INTRODUCTION 

Silicon  carbon  fiber  reinforced  glass-ceramic  matrix 
composites  have  a  high  strength  weight  ratio  and 
offer  the  prospect  of  a  material  with  good  high 
temperature  properties  [1,2].  Since  there  is  little 
difference  in  the  coefficient  of  thermal  expansion 
between  fibers  and  matrix  the  stresses  induced  by 
thermal  loading  are  small.  It  has  been  demonstrated 
for  example  that  the  tensile  residual  stresses  after 
processing  are  low  [3],  The  properties  of  the  fibers 
with  the  commercial  name  Nicalon  arc  unimpaired 
up  to  temperatures  of  1000  [  1  ]  although  it  is  known 
that  the  mechanisms  of  fracture  are  substantially 
different  at  elevated  and  room  temperature  (4j.  The 
mechanism  of  failure  of  these  materials  have  been 
extensively  studied  but  by  contrast  less  attention  has 
been  devoted  to  establishing  the  mechanics  which 
dictates  the  strength  and  potential  failure  of  the 
engineering  components  now  being  made  from  such 
materials. 

Because  of  the  relative  ease  of  the  bending  test 
most  material  data  has  been  obtained  from  this 
source.  The  strength  however  is  known  to  be  geome¬ 
try  dependent  with  substantial  differences  existing, 
for  example,  between  the  results  of  tensile  and  bend¬ 
ing  specimens  [3j.  Such  differences  must  be  reconciled 


before  a  reliable  mechanics  theory  is  est3blisheo 
which  can  be  widely  applied.  An  early  effort  to 
develop  a  theory  of  mechanics  is  the  work  of  Weibull 
[5,  6j  whose  procedures  are  widely  used  to  define  the 
statistical  strength  of  fibers.  Weibull  also  developed 
the  weakest  link  concept  and  this  method  is  also 
widely  practiced  when  establishing  the  strength  of 
components  [7).  Considerable  attention  has  also  been 
devoted  to  predicting  tensile  strength  from  the  prop¬ 
erties  of  the  composite  constituents  including  the 
studies  of  Thouless  and  Evans  (8),  Avesion  ei  at.  [9], 
Schwietert  and  SteifT  (10).  and  Zwebcn  and  Rosen 
[1 1].  In  this  study  a  variety  of  component  geometries 
are  tested  under  different  loading  conditions  and  an 
attempt  is  made  to  establish  a  model  which  can  be 
used  to  determine  the  strength  of  engineering  com¬ 
ponents.  and  to  define  the  underlying  failure 
mechanisms. 

2.  THF.  TEST  PROGRAM 

The  material  used  in  this  study  consists  of  silicon 
fibers  (commercial  name  Nicalon)  in  a  uniaxial  lay-up 
whose  elastic  modulus  is  200  GPa  embedded  in  a 
matrix  of  lithium  aluminosilicate  (LAS)  whose  modu¬ 
lus  is  85  GPa  The  average  tensile  strength  of  the 
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fibers  arc  reduced  during  ihe  processing  from  2000  to 
I  500  MPa  based  on.  .<  reference  length  of  2s  mm  [12) 
The  exponent  in  We. "nil!  statistics  is  m  ~  4  n  jl  13j 
and  tiie  .oeieiee  dunietet  is  !2/tm 

The  hehavioi  of  the  material  is  investigated  b; 
observing  tiie  response  and  failure  mechanism  of 
beams  of  e.itlerem  sizes  and  eross-seeiions  when 
subiecied  to  three  and  tour  point  bending  In  these 
tests  i;  is  possible  to  ad tust  the  relative  value  and 
sp.itt.i'  distribution  v’t  the  she.tr  and  tensile  stresses 
which  are  representative  of  loadings  occurring  in 
practice  Tensile  lexis  are  also  performed  The 
material  was  supplied  in  plate  form  3  mm  thick  and 
was  cut  nv  diamond  grinding  into  beams  and  uniavia! 
specimens  Because  the  supply  of  material  was  limited 
it  was  onl;  possible  to  perform  two  tests  of  each 
component  and  loading.  In  alt  cases  the  experimental 
variation  were  within  ?un 

_?  /.  Titn  c -pant!  haul  test  necnwyahir  and  nuingular 
cros.\~H‘i  non  i 

Three-point  bend  tests  [Fig  liaij  were  performed 
on  beams  of  rectangular  cross  section  with  three 
different  ratios  of  the  span  i/i  to  depth  ih)  of  6.6T 
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Fig  1  Specimen  geometries,  dimensions  D=  10  mm. 
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so  that  the  ratio  ma>  adutsted  h;  appropriate 
selection  of  ihe  ratio  t;  it  t  While  the  short  beam  mas 
fail  in  shear  the  dimensions  are  such  that  deflection 
is  dominated  h;  bending 

The  beams  were  loaded  until  failure  occurred  and 
the  applied  load  and  central  displacement  were  con¬ 
tinuous!;.  measured  as  indicated  in  Fig  2iai  Using 
equaiton  til  the  test  results  shown  in  Fig  2(h.c)  are 
expressed  in  terms  of  bending  stress  deflection  and 
shear  stress  deflection  curves  respective!; 

The  modes  of  failure  of  the  three-point  bending 
specimens  shown  in  FTg  ?<a~ci  are  indicative  of  the 
different  stress- -deflection  characteristics  observed  in 
Fig  2.  The  mode  of  failure  for  the  short  beam 
(/  h  -  ’.2)  shown  m  FTg  via)  indicates  that  shear 
cracks  formed  uniformly  throughout  ihe  specimen 
The  formation  of  the  cracks  corresponds  to  the  fiat 
portion  of  the  load  maxima  in  Fig  2(b)  Thereafter 
the  load  decreases  steadily  with  increase  of  central 
displacement 

The  failure  modes  for  ihe  intermediate  length  beam 
(/  /i,  =  I?)  shown  in  Fig  3(b)  indicate  that  lengthwise 
shear  cracks  propagate  along  the  middle  of  the  beam 
from  the  center  to  the  beam  extremity  The  formation 
of  this  crack  corresponds  to  the  first  major  load  drop 
evident  in  Fig.  2(a)  With  continued  loading  a  second 
crack  pattern  in  formed  at  the  quarter  points  of  the 
cross-section  and  correspond  to  the  second  load  drop 
shown  in  Fig.  2(c). 

The  failure  of  the  long  beam  shown  in  FTg.  3(c)  is 
a  fibrous  tensile  fracture  and  occurs  in  the  cross- 
section  under  ihe  loading  poinl  Initial  failure  is 
followed  b;  a  maior  load  drop  as  indicated  in 
Fig  2(b)  which  is  followed  b;  the  formation  of  a 
longitudinal  shear  crack.  Some  compressive  crushing 
occurred  at  the  center  point  of  load  application. 
However,  there  is  no  evidence  of  debonding  between 
the  compressive  kink  and  the  remainder  of  the  beam 

The  results  of  these  tests  indicate  that  fibrous 
(ensile  failure  occurs  when  the  tensile  bending  stress 
is  1  ISO  MPa  while  shear  crack  formation  occurs  when 
the  shear  stress  reached  24  MPa  Using  equation  I  la), 
it  is  evident  that  the  failure  mechanism  changes  from 
one  of  shear  to  fibrous  bending  failure  w  hen  the  ratio 
I  h  exceeds  20  3  As  noted  earlier  when  failure  is  by 
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t  ip  2  L,oad  displacement  relationship  for  three-point 
bending  (/  h  -  13)  ibj  Nominal  bending  stress-displace¬ 
ment  relationship  ts  i  Nominal  shear  stress-displacement 
relationship 


fibrous  tension  it  is  followed  be  catastrophic  load 
drop  By  contrast  when  failure  is  by  shear  crack 
formation  the  load  drop  is  less  dramatic  and  a 
diminished  load  is  maintained  during  further 
deformation 


There  is  no  shear  on  the  central  section  ol  length  ! 
To  jtoiii  shear  tJilurc  in  the  Canutes crcd  portion  the 
ends  of  the  beam  were  reinforced  by  aluminum 
sleeves  glued  into  position 

The  experimental  results  for  the  sanation  of  bend¬ 
ing  stress  with  the  central  deflection  are  shown  in 
Fig.  5.  Fracture  started  sstth  dclamination  of  a  thin 
surface  foil  on  the  compression  side  of  the  specimen 
[Fig.  3tdi]  Extensise  eompressise  failure  occurred 
thereafter  m  the  matrix  and  during  this  period  the 
load  displacement  diagram  showed  errant  behasior 
with  increased  displacement  accompanied  by  alter¬ 
nate  load  increase  and  decrease  Generally,  the  load 
increased  with  displacement  until  fiber  tensile  fracture 
occurred  in  the  tensile  portion  of  the  beam  at  a 
nominal  bending  stress  of  101)0  MPa  The  final  frac¬ 
ture  is  accompanied  by  load  reduction  which  is  less 
dramatic  than  evident  in  the  three-point  load  test 
(Fig  4). 
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Fig  3  (a)  Schematic  of  multiple  shear  failure  ibi  Schemaiic 
of  mid-plane  shear  failure  IC>  Schematic  of  fiber  tensile 
failure  idi  Schematic  of  tour-poim  bending  failure 
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The  four-poml  load  test  indicates  that  a  crushing 
compressive  sircss  occurs  af  WO  MPa  Failure  by 
fiber  kinking  is  not  apparent  which  is  to  be  expected 
since  the  buckling  stress  calculated  according  to  the 
model  by  Rosen  and  Keller  [14]  is  44GPa.  a  value 
much  higher  than  the  observed  failure  stresses.  From 
the  rule  of  mixtures  the  matrix  stress  in  compressive 
failure  is  estimated  to  be  540  MPa  Micrographic 
examination  reveals  that  matrix  microeracking  ap¬ 
pears  in  the  compressive  region. 

-.a.  The  uniaxial  test 

The  combination  of  the  high  tensile  strength  of  the 
fibers  and  the  poor  shear  properties  of  the  matrix 
introduces  major  difficulties  when  the  material  is 
tested  in  tension.  After  experimentation  with  different 
geometries  and  gripping  systems  the  geometry  illus¬ 
trated  in  Fig  1(c)  was  found  to  give  repeatable  results 
and  avoided  failure  within  the  gripping  section  of  the 
specimens.  In  order  to  minimize  bending  stresses  the 
specimens  were  glued  to  the  grips,  after  which  the 
grtps  were  mounted  in  the  load  frame  using  a  two 
component  epoxy  glue  After  the  glue  had  set  a  low 
clamping-pressure  was  applied  to  improve  the 
strength  of  the  adhesive  joint  In  order  to  reduce  the 
snear  -tress  in  the  matrix  the  test  specimens  were 
designed  to  he  long  and  thin.  The  results  of  the 
three-point  bending  tests  indicate  that  the  ratio  of  the 
maximum  tensile  strength  to  the  matrtx  shear 
strength  is  ?o  For  the  geometry  selected  the  ratio  of 
the  average  tensile  stress  is  70  times  that  of  the 
interlaminar  sheai  stress  JVJ  l  hat  failure  inside  the 
grips  was  avoided  Both  strain  gauge  and  cross-head 
displacement  measurements  were  made.  The  strain 
was  measured  with  a  6.4  mm  long  strain  gauge 
mounted  on  the  specimen  and  the  ram-displacement 
was  measured  by  a  displacement  transducer  The 
sirain-gaugc  stress  strain  relation  and  the  estimated 
value  using  the  ram  displacement  arc  shown  in 
Fig  II  While  shear  failures  in  the  grips  were 


avoided,  il  was  observed  that  the  deformans.  1  he 
glued  lomt  «,ii  Mgnilicani 

The  strain-gauge  results  indicate  a  reduction  in 
stiffness  incurs  when  the  'tress  i>.  ImiMP.i  and 
continues  until  the  sties- 1-  25o  MIG  The  onset  of  the 
reduction  coincide-  with  the  visual  appearance  of 
matrix  cracking  Dramatic  failure  occur s  at  '*hi  MI'.!, 
with  visual  observation  o’  the  lailurc  surface  being 
reminiscent  o!  tsher  bundle  failure  Rolen  mg  to 
Fig  "ib i  it  may  be  observes;  that  single  lifer  puli-out 
i-  accompanied  by  the  formation  of  bundles 

A  second  specimen  was  pre-loaded  to  a  stress  of 
'IH>  MPa  and  ihc  subsequent  stress  strain  curve 
showed  no  sign  ■>!  softening  at  25(|  MPa  iFig  bi  The 
value  of  Young’s  modulus  for  the  uncracked  speci¬ 
men  before  softening  occurred  was  InoGPa  After 
softening  the  value  of  Young's  modulus  is  l* -GIG 
and  it  is  observed  that  the  preloaded  specimen  has  the 
same  value  Consequently  it  can  be  deduced  that 
cracking  occurs  in  the  matrix  at  250  MPa  and  thal  us 
effect  is  to  reduce  'ioung’s  modulus  from  160  to 
155  GPa  or  b»  lb"..  The  additional  strain  observed 
on  cracking  is  A<  -0()S"u 
The  growth  and  density  of  cracks  in  the  matrix 
were  measured  throughout  the  test  by  taking  replicas 
of  the  surface  The  replica  procedure  consisted  of 
melting  an  acetate  replicating  tape  onto  the  surface 
and  peeling  n  from  the  surface  after  a  period  of  I  nun 
By  counting  the  spacing  along  fifty  fibers  at  each 
stress  level  it  was  possible  to  determine  the  variation 
of  average  crack  spacing  with  stress  Referring  to 
Fig.  8  it  is  seen  that  the  crack  spacing  reaches  a 
saturation  value  of  approximately  100  pm  for  stresses 
of  500  MPa  and  above  This  value  of  stress  coincides 
with  the  onset  of  softening  indicated  in  Fig  6 
The  failure  mode  in  tension  is  illustrated  in  Fig  ' 
from  which  il  can  be  observed  that  the  fracture  runs 
along  the  whole  gauge  length  at  a  small  angle  and 
then  branches  to  the  side  at  the  grips  Examination  of 
the  failure  surface  shown  in  Fig  7  indicates  the 
formation  of  bundles  of  fibers,  the  bundles  being 


A  <1  K  /  I  * 

Fig  5  Four-point  bending  sire—  displacement  relation¬ 
ship 
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approximate!)  I2i» u n'  diameter  and  of  length 
'5b  a  m 

2  4  Sum»nir\  o>  cxpermu’ntii!  rou/:- 

The  modes  of  failure  evident  tion:  the  te-t  program 
are  fiber  tensile  failure.  matrix  compression  failure, 
interlaminar  matrix  shear  and  matrix  tensile 
cracking. 

The  stresses  corresponding  to  the  failure  are  given 
in  Table  I 

3.  MATRIX  FAILIRE  AM)  IOAI)  TRANSFER 
DISTANCE 

The  experiments  indicate  that  matrix  failure  can 
take  one  of  two  forms  In  the  uniaxial  test  matrix 
tensile  failure  is  evident  with  the  appearance  of  cracks 


norma!  to  the  uirecttpn  o:  the  loading  and  with  a 
uniform  'pacing  of  P  1  rr.n.  Matrix  shear  iailute 
»Skiii -  wK-i  :ii.  shear  -l:e-  2*  \1f*a  W  f-.er.  fber 

ten-ale  failure  .veur-  ;-  ioiiowed  b>  a  splitting 
Iraciute  n  the  matrix  vviiieh  piopagale-  in  the 
uitcction  o!  the  tibci- 

The  uniaxial  tc'i  inuu.ite-  that  cracking  (:.irt>  io 
*\cui  .»t  a  stre"  o'  I  mi  MK-,  anu  continue-  :< 1  -atu- 
latc  until  tile  'tie-.--  i-  Inti  MI’a  Sin-c  ic-iduai  xite--c- 
rruir  the  processing  are  -mail  the  formula  lor  ti:e 
-tres-e-  in.  the  tit-ci  and  matrix  in  Appendix  !  indteate 
tha!  a  compo-iie  ore--  o!  ISO  MI’a  corresponds  to  a 
ictoilc  -tre—  oi  MnMPa  tr.  the  matrix  The  steads 
stale  crack  -pacing  m  the  matrix  i-  measured  to  be 
Inn,, ii:  arid  remain-  con-t.-.nt  unit  increasing  load 
Tin-  observation  would  mdi-ate  that  the  matrix  -tre— 
remain-  con-iam  alter  -u.k  saturation  and  imphe- 
contmuou-  -lipping  between  fiber  and  matrix 

An  expre—ion  for  the  -pacing  S  ot  the  matrix 
ten-ion  crack-  i-  derived  m  Appendix  I  and  t-  given 
b\ 


a  i  i 


1  - 


l  E 
i . •  t  E 


where  r ,  j-  the  far  held  -tress  when  the  matrix 
cracking  saturates.  \  is  the  volume  fraction  of  fibers. 
,i  is  the  fiber  diameter.  :  t-  the  shear  stress  between 
fiber  and  matrix  and  E  .ind  Er  are  the  elastic  moduli 
of  fibers  and  matrix  respective!)  W  hen  $  -  UKI  urn. 
/  =  0  5.  d  =  i;  um.  E  E-  =  1 .35  and  n,  =  iHOMPa 
the  forn.uia  gives  the  value  of  ihe  shear  stress 
=  5  MPa  This  vai-c  corresponds  to  that  obtained 
hv  Weiks  <•/  oi.  55]  from  hber  push-through  tests 
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jtieui  (ailurc  occurs  in  the  m.nm  m  a  directum 
parallel  to  ihe  fiber'  w her.  i tit  -mca;  -ire—  o 
:  —  2u  MPa  It  it  i'  assumed  that  the  fiber '  are 
random!)  distributed  then  the  effective  area  of  the 
matrix  m  shear  i'  the  same  a>  the  \oIumc  fraction 
ratio  /  Since  /  =  l>  5  the  -heat  matrix  failure  stress  is 
58  MPa  The  matrix  tensile  lailure  stress  estimated 
from  the  uniaxial  tensile  test  is  ]  lo  \lP.t  Comparison 
of  the  failure  shear  sires-  ot  'S  MPa.  with  the  matrix 
failure  stress  of  1 10  MPa  suggests  that  the  criterion 
for  matrix  fjilure  is  a  maximum  shear  siress  of 
approximate!)  55  MPa  Stress  concentration  effects 
have  not  been  included  but  these  are  likelv  to  be 
modest 

The  fiber  transfer  length  L .  is  the  distance  required 
to  transfer  stress  from  a  broken  fiber  to  the  matrix 
This  transfer  length  is  readily  found  to  be 

n  J 

'  ~  7:  4  ,4' 

where  n  ,  is  the  far  field  composite  area  The  stress  for 
tensile  fiber  failure  varies  between  KOI)  and  121X1  MPa 
according  to  the  loading  state  With  —  12  pm, 
t  —  0  5  and  =  5  MPa  in  equation  (4|  gives  transfer 
lengths  between  1.07  and  I  b  mm  The  spacing  of  the 
matrix  cracks  in  uniaxial  tension  is  100  |im  so  that  the 
transfer  length  is  approximate!)  ten  times  the  matrix 
crack  spacing  In  terms  (if  the  fiber  diameter  J.  the 
matrix  crack  spacing  is  S  -  12. 5<i  and  ihe  transfer 
length  Z.,  varies  between  125ffand  1 8 5«/ depending  on 
the  loading  condition 


-f  I  Stnntnh  t‘f  tit’,  r  miiii i>  n,  ga  .  /mil  :>u  'I;..;/ 

■  ,'iurihulum 

Wcibull  statistics  are  known  to  he  an  effective 
means  i>f  describing  the  strength  of  fiber  stems 
Andcrsson  and  W  arren  j!  M  have  studied  the  strength 
oi  as  received  Ntcalon  fibers  and  concluded  that  the 
strength  of  the  hher  can  be  described  by  the  proh- 
abilitx  /’(  n  ot  taiiure  according  to  the  Wcibull 
relation 


— 4-;(i) 


where  /.,  is  the  gage  length  and  m  and  r.  are  material 
constants 

In  a  studv  bv  Prcwo  [12]  the  strength  of  Ntcalon 
fibers  were  measured  alter  subjecting  them  to  the 
processing  route  used  in  the  production  of  the  com¬ 
posite  The  statistics-  defining  fiber  strength  can  again 
be  described  b>  equation  (5)  Prewo  |I2]  chose  to 
present  his  results  in  terms  of  the  average  strength  ri 
of  fibers  25  mm  long  for  which 

ri  -  I  5(X)  MPa 
m  =  4.0 


/„  =  25  mm. 


4.  FIBKK  TKNSll.f.  PAILTRE 

The  experiments  indicate  that  the  stres-  at  which 
tensile  failure  occurs  in  the  fiber  is  dependent  on  the 
geometry  ot  the  specimen  The  observed  siresscs  for 
fiber  tensile  failure  of  the  different  specimens  arc 
given  in  Table  2  which  indicates  that  the  failure 
strengths  vary  between  7*fO  and  1100  MPa  The  fail¬ 
ure  tensile  stress  of  the  matrix  is  an  order  of  magni¬ 
tude  smaller  at  1 10  MPa  and  the  interface  shear 
strength  between  matrix  and  fiber  is  5  MPa  It  seems 
plausihle  to  assume  that  the  strength  of  specimen  is 
dictated  bv  fiber  strength  and  that  the  contribution  of 
the  matrix  to  the  final  strength  is  negligible  The 
implications  of  this  assertion  is  now  studied 


f  ig  fi  Stress  ss  matro  crack  spacing 
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The  average  strength  in'  the  fibers  before  processing 
is  .MOO  MPa  so  that  processing  apparently  reduces 
the  fiber  strength  by  T 5 *'  l. . 

The  relationship  between  the  average  strength  ntf  i 
for  fibers  of  gage  length  L  and  a.  for  reference  length 
/  in  the  Weibull  relationship  is  from  equation  (Af) 

b(.M  =  |J)  rU(l~~)  <M 

where  f  is  the  Gamma  function  When  I  -iv- 
25  mm  and  n;  -  4  equation  tb)  gives  the  result 
<7  =  1650  MPa. 

The  expression  for  the  bundle  strength  a„  in  terms 
of  the  average  fiber  strength  rf,  is  given  by  (A2)  which 
is 

oB  flme)  ■ 

—  = - -  .  ( ?  t 

o,  r(tm  -  Dm] 

Using  o,,=  1650  MPa  and  m  -  4.0  for  a  length  of 
25  mm  the  bundle  strength  is  predicted  to  be 
=  450  MPa  which  is  substantially,  less  than  the 
value  of  790  MPa  observed  in  tensile  tests 
V.'etbull  weakest  link  theory  has  been  used  to 
determine  the  strength  of  the  beam  components  using 
the  procedures  given  in  Appendix  2.  For  ease  of 
comparison  with  experiments  the  strengths  have  been 
normalized  with  respect  to  the  strength  of  the  longi¬ 
tudinal  tensile  specimen  This  method  of  presentation 
has  the  advantage  that  the  geometry  dependence  of 
the  strength  of  the  exponent  m  can  be  assessed 
separately  The  resulting  strength  factors  have  been 
calculated  for  different  values  of  Weibull  index  m  and 
the  results  arc  shown  in  Table  2 
While  the  predicted  strength  factors  order  correctly 
the  strength  of  the  components,  the  predicted  range 
of  strength  for  m  =  4  is  generally  greater  than  that 
observed  in  experiment  It  has  been  observed  by 
Prcwo  and  Brennan  [2]  and  Curtin  [16j  that  the 
measured  uniaxial  strength  corresponds  to  that  of 
fiber  bundle  of  a  length  close  to  the  stress  transfer 
length  of  I  07  mm  which  is  substantially  shorter  than 
the  gauge  length  The  un.vxtal  bundle  strength  for 
gauge  length  of  J  07  mm  is  MO  MPa  which  overesti¬ 
mates  the  experimental  uniaxial  strength  by  15% 
This  crude  calculation  does  indicate  however  that  the 
matrix  is  likely  to  play  a  significant  role  in  establish¬ 
ing  the  composite  strength  A  more  detailed  analysis 
is  now  performed  in  which  the  role  of  the  matrix  is 
included 


4.2  HunJU  ih  iHi  iu  ! 

F.xanurution  ol  the  failure  surtace  (Fig  ~lb)j  indi¬ 
cates  a  combination  ot  individual  fiber  pull-out  and 
bundle  pull-out  The  bundle  diameter  i»  approxi¬ 
mately  to  fiber  diameter-,  and  the  pull-oji  length  loti 
fiber  diameter1-  long  Consider  that  the  luiiure  element 
consists  of  n  fiberN  ol  diameter  d  embedded  trt  a 
cyhndei  of  matrix  ol  diameter  />  The  load  transfer 
distance  lor  the  tibers  is 

ifc  . 

<r  ~  4f: 

where  r. ,  is  the  far  field  stress  and  is  the  shear 
strength  of  the  liber  matrix  interface  Since  the  fiber 
can  break  anywhere  in  the  element  and  still  pull-oul 
from  ihe  matrix  the  bundle  element  length  is  l„  =  2L 
As  the  number  ot  breaking  fibers  increases  the 
restraining  matrix  shear  stress  on  the  element  in¬ 
creases  until  failure  occurs  by  the  bundle  pulling  out 
from  the  matrix  (Fig  9>.  Then  equaling  the  shear 
force  from  the  fibers  to  the  shear  force  from  the 
surrounding  matrix  gives  the  result 

/)  =  mfr. 

wh-re  r.  is  the  composite  shear  strength  and  t,  is  the 
interface  shear  stress.  Using  this  result  together  with 
the  definition  of  the  volume  fraction  f  gives  the 
number  of  fibers  in  the  bundle  and  its  diameter  by 


Fig  9  Shear  stress  distribution  of  bundle  pull-out 
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The  volume  of  the  element  is  then 

FIT  :  r 
"  s  i  t 


The  element  strength  is  computed  in  Appendix  : 
from  the  sunt  of  the  strength  <>(  the  un Pinker.  libers 
and  the  pull-out  contribution-  ol  the  hroken  tihet' 
The  stress,  r  in  unbroken  libers  at  the  h  ad 
maximum  for  the  liber  bundle  is  given  tu  the 
condition  i  Appendix  .'i 


n "" ' 


I 


,  r  1 

n:  -  I  i  i,-  r. 

s  ls._  I 
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Since  there  are  twenty  matrix  cracks  within  the 
bundle  element  of  length  21.  it  is  expected  that  the 
contribution  of  the  matrix  to  the  far  stress  r.  ma>  he 
neglected.  Assuming  further  that  a  weak  clement 
reaches  the  load  maximum  locally  and  that  the  strain 
is  constant  throughout  then  the  contribution  of  fibers 
to  the  far  field  stress  r,  ,  is 

a  ,  ~  tr,  (III 

where  f  is  the  fiber  volume  ratio 

Equation  (10)  is  solved  by  iteration  and  when 
t,  =  5  MPa  the  element  strength  is  found  to  be 
1220  MPa  Using  equation  (8)  the  number  of  fibers  in 
the  element  is  n  =  72.  the  diameter  is  D  =  1 2d  and 
length  /B  =  64 d  These  predictions  are  in  good  agree¬ 
ment  with  the  observed  values  in  Fig  "(bt 

It  remains  to  relate  the  strength  of  the  element 
bundle  to  the  strength  of  the  uniaxial  specimens  used 
in  the  test  program  Since  the  bundle  element  con¬ 
tains  72  fibers,  the  statistical  sanation  of  bundle 
strength  is  less  than  that  of  the  individual  fiber 
strength  for  which  m  -  4  If  the  statistical  variation 
of  the  element  bundle  strength  is  defined  by  the 
Weibull  exponent  M  then  from  Appendix  3  the 
relationship  between  m  and  M  is 


With  the  number  of  fibers  in  the  bundle  n  =  -2  and 
m  -  4  the  value  for  M  is  predicted  to  be 

M  =  21.6. 

This  high  value  implies  small  statistical  variation  in 
the  bundle  strength  Nevertheless,  when  using  the 
weakest  link  procedure  described  in  Appendix  2  with 
the  bundle  volume  given  b>  equation  (9)  predicts  the 
strength  of  the  uniaxi„!  test  specimen  to  be 

a  =  845  MPa 

This  value  is  7%  greater  than  the  experimental  value 
or  790  MPa 

As  an  aside  it  is  interesting  to  use  the  model  to 
determine  the  value  of  the  interface  shear  strength 
which  gives  the  greatest  strength  Repeating  the 


calculations  for  difierem  values  of  :  ii  i>  iound  that 
the  umavia!  strength  can  he  increased  to  s»20  MPa  lor 
-  -  2  '  MPa 

It  remains  to  determine  how  well  the  model  pre- 
die ' s  the  strength  o:  the  bending  component-.  Reici- 
encc  to  T .ib,.  2  indisatcs  the  eliect  o!  «:  on  the 
computed  strength  lactor  id  »:  W hen  m  —  21  the 
element  mode!  predisi-  a  range  o!  strength  which 
aerees  well  with  experiment  However  the  predic¬ 
tion'  s'!  the  strength  lactot  lor  beams  with  rectangu¬ 
lar  cr>''s-sectivT!  are  17  ,  lower  than  the  experimental 

values 

•An  attempt  is  now  made  to  studv  ihe  lactors  which 
might  account  lor  the  observed  differences  In  the 
first  place  the  bending  stresses  in  the  beam-  are 
determined  using  simple  elastic  beam  theory  with  no 
allowance  made  tor  the  matrix  cracking  which  causes 
a  |oui  reduction  m  the  tensile  elastic  modulus  An 
elastic  solution  which  all  ws  tor  the  different  values 
of  elastic  modulus  in  tension  and  compression  is 
given  in  Appendix  4  The  results  of  the  simple 
calculation  suggest  that  the  maximum  tensile  stresses 
are  5%  less  than  those  calculated  using  simple  beam 
thcorx.  The  mouthed  experimental  stresses  and  the 
corresponding  strength  factors  are  given  in  Table  2 
Another  effect  rr.u>  be  introduced  by  considering  the 
possibility  of  failure  on  the  surface  It  the  calculations 
whose  results  are  given  b>  equation  (8)  arc  repeated 
for  bundle  failure  which  occur  on  free  surfaces  then 
the  failure  elements  now  contain  36  fibers  which  is 
half  of  those  in  an  interior  element  From  equation 
(12)  the  corresponding  W'cibull  is  15  The  predicted 
failure  stresses  using  the  internal  and  surface  elements 
arc  shown  in  Table  3  The  volume  and  surface 
predictions  show  little  difference  and  generally  agree 
with  experimental  observations 

5.  PROGRESSIVE  DAMAGE 

In  the  majority  of  the  tests  the  attainment  of  the 
maximum  load  was  followed  by  dramatic  collapse 
However,  in  the  case  of  ihe  three-point  bend  tests  on 
the  short  and  intermediate  beams  the  attainment  of 
the  maximum  load  was  followed  by  progressive  shear 
failure  of  the  matrix  so  that  the  load  drop  was  less 
precipitous  (Fig  2)  and  damage  formation  was 
accompanied  by  substantial  energy  absorption  The 
three-point  bending  response  of  the  long  beam  with 
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rectangular  cross-section  l  Fig  4|  also  indicated  that 
progressive  tensile  fibers  damage  resulted  in  an  ability 
to  sustain  load  with  continued  displacement  The  two 
forms  of  progressive  damage  are  now  discussed 

5.1  Progressive  shear  damage 

When  the  intermediate  rectangular  beams  are 
loaded  in  three  point  bending  shear  damage  occurs 
when  =  2^  MPa.  The  onset  d  the  crack  along  the 
mid-plane  of  the  beam  ts  accompanied  by  a  sudden 
load  drop,  but  thereafter  the  load  increases  with 
further  increase  of  central  deflection  [Fig.  dial].  The 
dotted  line  indicates  the  load  displacement  diagrams 
for  the  combined  effect  of  two  beams  of  half  the 
original  thickness.  The  experimental  results  indicate 
stiffer  responses  than  the  model  predictions  How¬ 
ever.  no  influence  of  the  sliding  resistance  at  the  shear 
cracks  has  been  taken  into  account  and  a  consistent 
bound  calculation  can  be  made  by  assuming  a  stress 
state  distribution  consisting  of  the  two  stress  fields 
indicated  in  Fig.  10.  The  first  field  corresponds  to 
beam  with  a  maximum  shear  stress  of  =  S  O  MPa 
which  corresponds  to  the  sliding  resistance  after 
fracture  (Fig.  2).  The  second  stress  field  corresponds 
to  that  in  two  independent  beams  each  of  half  the 
original  beam  depth  The  resulting  load  indicated  by 
the  solid  line  in  Fig.  2(a)  displacement  prediction  is 
close  to  the  experimental  observations. 

The  next  shear  cracks  split  the  beam  into  fourths 
when  the  shear  stress  reaches  ti  [Fig.  10(a)).  The 
second  split  occurs  when  r  +  0.7Sr5  =s  r(.  and  follow¬ 
ing  a  similar  procedure  predicts  P  =  248  N.  This  is  in 
reasonable  agreement  with  experiments  which 
indicate  the  second  split  occurs  at  a  load  of  230  N 
(Fig.  2(a)], 

In  the  case  of  the  short  beam  shear  failure  cracks 
appear  to  occur  more  uniformly  over  the  section  [Fig. 
3(a)].  Assuming  that  the  progression  of  cracking 
continues  in  the  manner  described  previously  then  a 
multiple  cracking  stress  finally  would  have  the  form 
shown  in  Fig.  10(b)  with  a  parabolic  distribution  of 
shear  stress  with  each  element  of  maximum  value  t,. 


Fractuied 


— -  b  —  —  b  — - 

Fig  11  Progressive  damage  growth  it:  recUngLa:  .me 
triangular  bean; 


The  load  P  at  first  shear  lailurv  an 
P 

Mi  ~ 

while  the  load  Pr  for  multiple  cracking  is 


With  =  29  MPa  and  r.  =  5  MPa  these  results  give 

p.  p 

—  =  38.6  MPa  -7=  43.3  MPa 

bn  Mi 

which  indicate  that  the  initial  and  multicrack  loading 
are  almost  equal  with  the  muhicracking  load  being 
slightly  larger.  This  is  confirmed  by  experiment 
[Ftg.  2(b))  for  which  the  corresponding  values  arc 
35.5  and  38.6  MPa 

5.2.  Progressive  fiber  failure 

Referring  to  the  load  displacement  relationship  for 
three-point  tests  carried  out  on  the  rectangular  and 
triangular  cross  section  (Fig  4)  it  can  be  observed 
that  the  maximum  bending  stresses  for  both  cases  ts 
approximately  equal  but  that  the  triangular  cross- 
section  can  withstand  additional  deformation  before 
losing  its  load-bearing  capacity.  Visual  observation 
during  the  test  suggests  that  local  tensile  failure 
occurs  at  the  tip  of  the  triangular  section  and  that 
damage  in  the  form  of  fiber  tensile  failure  grows 


Fig  10  Stress  distribution  for  spin  beams 


Fig  i;  Calculation  response  of  rcclanguUr  and  triangular 
seel  ion  beams 
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progressively  through  the  section  before  total  failure 
occurs 

In  Appendix  5  a  calculation  has  been  perlormed  in 
which  a  damage  front  is  assumed  to  advance  across 
the  bean  section.  The  calculation  is  based  on  the 
assumption  that  failure  occurs  when  the  bending 
stress  attains  a  value  of  bending  stress  of  1200  MPa 
The  results  of  these  calculations  are  shown  in  I  tg  12 
for  the  beams  with  rectangular  and  triangular  sec¬ 
tions  The  comparison  of  the  predictions  with  exper¬ 
imental  observation  in  l  ie  4  suggests  that  the 
supporting  assumptions  capture  the  essence  of  the 
beam  failure.  In  the  case  of'  the  triangular  beam  the 
progressive  failure  imparts  ductile  characteristics 


6.  C  ONCLl  SIGNS 

The  strength  of  simple  components  consisting  ol  a 
glass  matrix  reinforced  b>  silicon  fiber  fibers  has  been 
investigated.  The  tensile  strength  of  the  brittle  matrix 
is  approximate!)  1 10  MPa  while  the  tensile  strength 
of  the  composite  varies  between  7 40  and  1140  MPa 
depending  on  the  form  of  the  loading  Observation  of 
the  failure  surface  suggests  the  existence  of  a  hber 
bundle  element  whose  size  is  dependent  on  the  prop¬ 
erties  of  the  matrix  and  the  fiber-matrix  interface 
The  fiber  bundle  element  has  a  strength  of  1220  MPa 
and  a  Weibull  index  of  M  =  21  When  the  element  is 
used  as  the  basis  of  the  Weibull  weakest  link  calcu¬ 
lations  it  is  found  that  the  predictions  of  the  model 
agree  to  within  8°  o  of  the  experimental  observations 
An  unavoidable  drawback  in  this  study  has  been 
the  very  limited  availability  of  the  material,  but  since 
the  value  of  M  for  the  unit  cell  is  large  it  is  expected 
that  statistical  variation  is  small.  There  is  an  apparent 
lack  of  tests  on  large  specimens  which  would  help 
establish  the  importance  of  scaling  effects  The  pre¬ 
sent  model  would  suggest  that  scaling  effects  should 
be  modest 
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APPENDIX  I 

Crack  Spacing  m  Matrix  and  Pull-Out  Length 

When  the  malm  is  unerjeked  the  stresses  c,K,  in  the 
matrix  and  <?.  in  the  hber  are 


a.  I  <?v 


a . 

~[ .  £„  I 

c  . 

E.J 

where  /  is  the  fiber  volume  Fraction  and  E  and  £\,  are  the 
elastic  moduli  of  fiber  and  matrix  respective!)  When  the 
matrix  stress  reaches  a  critical  value  matrix  cracks  lorm  and 
shear  stresses  ansc  between  fiber  and  matrix  if  it  is  assumed 
that  the  shear  stress  at  the  fiber  matrix  interface  i>  then 
the  distance  L  over  which  slip  occurs  can  be  shown  to  be 


L  _  c,  1 

j  ■  £~/f  ~  it 

~  1  -  !E. 

where  d  is  the  diameter  of  the  fiber 

Saturation  is  reached  when  the  crack  spacing  5  is  twice 
the  slip  distance  L  which  goes  the  condition 


I 

"  ~S  1 
I  -  f  t, 


s 

J 


a , 

f . L 

(1-/1  L 


With  the  values  £  =  200  GPa.  CK  -  85GPa.  =  5  MPa 
ft  =  290  MPa  and  /  =  0  5  gives  the  saturation  crack  spacing 


X 

=  84 

d 


If  a  single  fiber  is  able  to  pull-out  aficr  fracture  then  the 
pull-out  distance  i>  less  than  Lr 


/-r~ 


r.  ,  i! 

At: 


where  t.  ts  the  interface  shear  stress  which  in  this  case  is 
5  MPa 

Experiments  indicate  that  it  is  also  possible  for  a  bundle 
of  fibers  to  pull-out  Jf  is  the  pull-out  distance  of  the 
bundle  and  Du  is  the  diameter  of  the  bundle  then 


fn.d 
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APPENDIX  2 

H  eihuU  F>ht't  Binuiii  ami  W  eakest  Link  .STumv/o 

The  procedure*  developed  b;-  Weibul!  [5.  b{  are  developed 
jr  the  onciR.ij  paper'  hut  lor  completeness  the  calculations 
are  completed  m  some  detail 

Fibers  and  fiber  bundle 

The  probability  of  survival  ot  fibers  subjected  to  stress  a  is 


P  =  exp  - 


where  /  -  length  ol  the  fiber;  0  ~  applied  stress.  F  = 
reference  length  corresponding  to  stress  a  .  a.  -  material 
property  istress  when  probability  of  survival  is  p  =  I  ei. 
and  m  -  material  constant  The  probability  of  failure  is 


The  average  failure  stress  of  fibers  is 

f  '  CP.  ml  \  ' 

6.  -  I  g  “■  dn  = -  {  r? ”  ex 

1,  <  0  <7  '”/,.  i<; 


/  ( I  -  I  ill  I 


where  f  is  (he  gamma  function 
Properties  of  fiber  bundle 

Consider  now  the  properties  of  a  bundle  of  V  fibers  be 
loaded  simultaneously  by  a  load  Q  Let 

S  =  number  of  fibers  in  bundle 
n  =  numbers  or  broken  fibers 
Q  =  applied  load 
o  -  average  stress  of  .V  fibers 
og  =  average  stress  of  n  fibers 


P,  =  1  -  - 

,Y 

and 

The  maximum  of  the  average  stress  occurs  when 


which  gives  the  result 


and  the  maximum  stress  a 


a  [/  I-"" 

-  =  ,  f” 

0f»  |_  »r  __ 

m  stress  o0 

r(j,m)  exp("-) 


The  ratio  of  the  bundle  strength  to  the  mean  fiber  strength 
6,  is 

Ini  e)'  "* 

=  r. - (A2) 

n,  r[tm  —  !)  ni] 

The  weakest  link  theory 

Using  the  weakest  link  concept  the  probability  of  survival 
of  the  component  is  (he  product  of  the  survival  of  the 
subelements  Hence 


expt  -  B) 


where  the  integral  is  computed  over  that  part  of  the  volume 
I  for  which  the  stress  is  tensile 
The  value  of  B  has  been  determined  for  the  geometries 
studied  in  the  program 


(li  1'mform  bending  beam  of  length  and  rectangular 
cross-section 

where  f  is  the  tola!  volume  and  a.  i»  the  r.uvm.un: 
bending  siress  m  the  beam 

(2*  Three-point  bending  rectangular  cros. -section 

B  -  P  (  r  '  '  )’  ^ 

;i .  '  r,,  I  in;  ~  !  I 

where  f  is  the  total  volume  of  the  bejrr.  and  r,  ,  i.  the 
maximum  bending  stress 

f3l  Three-point  bending  and  triangular  cross-section 


f  i  . 

I  „  \  O,  '  In!  - 


I  l  int  -  2  ! 


where  T  is  the  total  volume  ot  the  beam  and  ex..  o  the 
maximum  bending  stress 

These  results  can  be  used  to  compare  the  strength'  ol  the 
different  components  and  the  loading  condition.  The  same 
probabilny  of  failure  requires  B  u>  be  equal  lor  (he  dilTercnl 
geometries 


APPENDIX  3 

The  Bundle  Element  Model 

The  load  carrying  capacity  of  the  composite  is  giver  by 
contnbutions  for  the  unbroken  and  broken  fibers  as 

6  j  =  <rt  P,  -  0,(1  -  P.  i  (A3 1 

where  j,  is  the  stress  in  the  unbroken  fibers,  n.  is  the  average 
sliding  contribution  from  the  broken  fibers,  and  P.  is  the 
survivor  probability  that  is  equal  to  the  fraction  of  unbro¬ 
ken  fibers 

The  unit  cell  height  is  given  as  2/*  Where  /'’  is  the  length 
of  the  longest  fiber  that  could  be  pulled  out  and  cause  a 
reduction  in  the  load  carrying  capacity  Axial  equilibrium 
for  a  broken  fiber  gives 


where  r.  is  the  sliding  stress  at  the  fiber-matrix  interface 
The  nominal  stress  in  the  unbroken  fibers  is  assumed  to 
be  so  high  in  relation  to  the  variation  induced  by  the  matnx 
cracks  and  the  frtcuon  at  the  fiber  matnx  interface  that  the 
fiber  stress  can  be  assumed  to  be  constant.  The  survivor 
probability  is  then  given  as 

,A5* 

The  average  stress  due  to  sliding  is  given  as 


where  /r  is  the  average  pullout  length  If  the  siress  is 
approximately  constant  in  the  unbroken  fibers 

'r  =  .'C  IA7. 

where  /Jf  can  be  determined  from  the  frequency  of  the 
Wei  bull  distribution  as 


|>  ‘ 

Jo  <<r. 


(  —  /\  1  do 


Using  equations  |A4)  and  |A5|  in  (Ahl  gnes  with  (A?! 

r  Vuj  '[m  ~  I  '  2/,  1 
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where  -■  is  the  incomplete  gamma  function.  Using  the  upper 
hound  u.  vis.  /  u)[!  -exp(-A)]  as  an  approximation 
for  gives  the  final  expression  for  the  average  stress 


ct=c  expti 


where 


;  nt  —  2  . 

M - ,  ('  —  expt  —  2  )J 

—  I  / 


it  rr"‘  1 

3  “  2/,.  i 


For  the  parallel  model  the  average  strain  is  equal  to  the 
strain  in  an  unbroken  fiber  Hence 


E. 

The  highest  load  that  the  bundle  can  carry  is  given  by  the 
condition 


that  gives 

-A.tr.Ts 


I 


=  0 

d  tr0 

2LZ 


"(01 


(AIO) 


(m  - 

For  a  fiber  bundle  with  a  limited  number  of  fibers  there  is 
a  statistical  variation  of  the  strength  [17]  The  variation  is 
given  by  the  normal  distribution  with  the  expectation  value 

<7* R  =  <7.,  £\ 


and  standard  deviation 


<r  re  ■ 


/<]  -  P%>/\ 


where  /*,  is  the  survivor  probability  at  the  load  maximum 
and  n  is  the  number  of  fibers  in  the  bundle  This  corresponds 
to  a  standard  deviation 


for  the  stress  in  the  unbroken  fibers  at  the  load  maximum. 
For  convenience  the  normal  distribution  is  approximated 
with  a  Weibull  distribution  that  has  the  same  standard 
deviation  Using  the  approximate  relation  suggested  by 
Irwin  [18] 


M?l2-  = 
<7* 


1 ,44  n 

i>7“i 


APPENDIX  4 

Stress  Distribution  in  Beams  with  Two  Elastic  Moduli 

Because  of  the  matrix  cracking  which  occurs  in  tension, 
the  elastic  moduli  in  tension  and  compression  differed  by 
16%  Because  of  this  difference  when  a  rectangular  beam  is 


subjected  tu  moment  the  neutral  axis  no  longer  coincides 
with  the  center  Repeating  the  assumption  of  classical  beam 
theory  it  is  simple  to  demonstrate  that  the  maximum  tensile 
stress  n,  is  related  to  the  stress  or  of  classical  beam  theory 

by  the  formula  _ 


where  E-  is  the  modulus  of  the  uncrackec  portion,  and  £ 
ihe  modulus  of  the  cracked  portion  The  position  ol  the 
neutral  iayet  moses  and  the  sulume  subiectec  to  tension  is 
increased  with  the  factor 


APPENDIX  5 


Post  Fracture  Load-Deflection  Curve  in  Bending 

The  moment-curvature  relationship  for  post  tensile  frac¬ 
ture  is  estimated  by  assuming  that  local  fracture  occurs 
when  the  bending  stress  reaches  a  critical  salue  of  a. 

In  the  case  of  a  beam  with  rectangular  cross-section  the 
current  beam  depth  is  h  and  the  fractured  region  is  t/i,  -  h\ 
(Fig.  III. 

The  relationship  between  moment  M  and  the  current 
depth  h  is 

bh- 

i H  =  —  a,  (A  'al 

6 


and  the  curvature  is 


X' 


2trt 

Jh 


(Alibi 


The  relationship  between  moment  and  curvature  is  obtained 
by  eliminating  h  to  give 


M 


2o'.b 
3  Ek: 


(A!2l 


Similarly  the  relationships  for  the  beam  of  triangular  cross- 
section  are  _ 

tf.S***^  <A.3a> 


where 


3 -h 
2-h 


6 

Eh„  h()  -  h) 

•  hih„. 


(AI3bl 


When  the  relationship  (A  12)  and  (A13)are  applied  to  the 
long  beam  geometries  in  three-pomi  bending  ihe  load-dis¬ 
placement  are  those  given  in  Fig  8  from  which  it  can  be  seen 
that  the  effect  of  damage  growth  is  more  pronounced  for  the 
beam  with  triangular  cross-section  This  result  is  also 
evident  m  the  experimental  results  shown  in  Figs  5  and  10 
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ABSTRACT 


A  computer  simulation  of  multiple  cracking  in  fiber-reinforced  brittle  matrix  composites  has 
been  conducted,  with  emphasis  on  the  role  of  the  matrix  flaw  distribution.  The  simulations 
incorporate  the  effects  of  bridging  fibers  on  the  stress  required  for  cracking.  Both  short  and  long 
(steady-state)  flaws  are  considered.  Furthermore,  the  effects  of  crack  interactions  (through  the 
overlap  of  interface  slip  lengths)  are  incorporated.  The  influence  of  the  crack  distribution  on  the 
tensile  response  of  such  composites  is  also  examined. 
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1.  INTRODUCTION 


The  tensile  stress-strain  response  of  unidirectional  fiber-reinforced  brittle  matrix  composites 
is  characterized  by  three  regimes.1'3  i)  At  low  stresses,  the  response  is  linear  elastic,  with  a 
modulus  E0  given  by  the  rule  of  mixtures.  In  this  regime,  there  is  no  detectable  microstructural 
damage,  ii)  At  intermediate  stresses,  numerous  matrix  cracks  are  formed,  leading  to  substantial 
reductions  in  the  tangent  modulus,  Et,  relative  to  the  initial  elastic  modulus,  iii)  At  higher 
stresses,  the  matrix  crack  density  saturates  and,  provided  there  is  minimal  fiber  failure,  Et 
approaches  E //,  where  E /  is  the  fiber  modulus  and  f  is  the  fiber  volume  fraction.  Yet  further 
loading  leads  to  fiber  bundle  failure.  Figure  1  shows  such  trends  for  a  calcium  alumino  silicate 
(CAS)  glass  ceramic  reinforced  with  35%  unidirectional  Nicalon  (SiC)  fibers.  In  this  case,  the 
tangent  modulus  following  crack  saturation  is  below  the  contribution  expected  from  the  fibers, 
consistent  with  observations  of  multiple  fiber  failure  in  this  composite.1 

The  onset  of  matrix  cracking  in  brittle  matrix  composites  is  relatively  well  understood.  This 
has  been  facilitated  by  the  development  of  a  mechanics  framework  that  describes  the  influence  of 
crack  bridging  on  crack  tip  stress  intensities4-5  (or,  equivalently,  strain  energy  release  rates6'8). 
In  contrast,  the  evolution  of  multiple  cracks  is  not  well  understood.  This  problem  involves 
aspects  of  both  mechanics  and  stochastics.  The  mechanics  aspect  refers  to  the  interactions 
between  neighboring  cracks  and  their  influence  on  the  driving  force  for  the  propagation  of  yet 
additional  cracks.  This  problem  has  previously  been  addressed  in  detail  for  the  case  of 
steady-state  matrix  flaws.9  The  stochastic  aspect  pertains  to  the  role  of  the  distribution  of  matrix 
flaws,  which  ultimately  governs  the  spatial  distribution  of  matrix  cracks.  The  present  article 
considers  the  role  of  the  flaw  distribution  on  both  the  evolution  of  matrix  cracks  and  the  tensile 
response  of  brittle  matrix  composites.  This  is  accomplished  through  a  computer  simulation  of 
multiple  cracking. 

The  simulations  performed  in  this  study  differ  from  those  of  other  studies10-11  in  two  ways. 
Firstly,  they  begin  with  the  notion  that  the  matrix  flaw  distribution  (rather  than  the  strength 
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distribution)  is  prescribed.  The  strength  of  the  flaws  is  subsequently  computed,  taking  into 
account  the  crack  tip  shielding  effects  associated  with  bridging  fibers.  Both  “short”  and  “long” 
flaws  are  considered.  Secondly,  the  interactions  that  occur  between  neighboring  cracks  (through 
the  overlap  of  the  interface  slip  zones9)  are  incorporated  into  the  simulations. 

The  paper  is  organized  in  the  tallowing  way.  Section  2  summarizes  the  relevant  mechanics 
associated  with  bridged  cracks.  Section  3  contains  details  of  the  simulations,  as  well  as  the 
results  on  the  evolution  of  crack  density  with  applied  stress.  These  results  are  then  used  in 
Section  4  to  compute  the  corresponding  tensile  stress-strain  response.  Section  5  provides  remarks 
regarding  the  correspondence  between  experiment  and  theory. 


2.  MECHANICS  OF  BRIDGED  CRACKS 

The  mechanics  of  cracks  bridged  by  frictionally  constrained  fibers  has  been  extensively 
studied.  The  notable  contributions  can  be  found  in  Refs.  4  to  8.  An  important  aspect  of  the 
mechanics  pertains  to  the  notion  of  a  steady-state:  when  the  crack  length,  a,  exceeds  a  critical 
value,  ao,  the  stress  needed  for  propagation  becomes  independent  of  crack  length.  The  critical 
crack  length  and  the  corresponding  steady-state  cracking  stress  are  given  by* 

ao  =  Yrm(W)E/a*  (la) 

and 


(lb) 


*  Sec  Appendix  for  further  discussion  of  the  relevant  mechanics. 
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where  /  is  the  fiber  volume  fraction,  R  is  the  fiber  radius,  I  is  the  interface  sliding  stress,  rm  is 
the  matrix  toughness,  Em  and  E /  are  the  matrix  and  fiber  moduli,  E  is  the  composite  modulus 
(  =  f  Ef  +  (1  -/)  Em)  and  Y  is  a  numerical  coefficient.  In  this  regime,  the  cracking  stress  (Jc  can 
be  described  simply  by 

ojc0  =  1  (a/ac  >  1)  (2a) 

For  cracks  shorter  than  ao,  the  variation  in  cracking  stress  with  crack  length  can  be  described  by 
an  approximate  relation  of  the  form 

-  (a/ao)~n  (a/a  o  ^  1)  (2b) 

where  n  is  a  numerical  coefficient.  Comparison  of  Eqn.  2(b)  with  rigorous  numerical  solutions 
for  crack  lengths  in  the  range  0.1  <  a/ao  <  1  4’5  indicates  that  n  «  1/8,  with  the  coefficient  y  in 
Eqn.  (la)  being  set  to  3.50  (see  Fig.  2).  It  is  of  interest  to  note  that  the  power  on  the  crack  length 
dependence  for  composites  in  this  range  of  crack  sizes  is  much  smaller  than  that  for  monolithic 
materials  (1/8  vs.  1/2).  This  result  has  important  implications  pertaining  to  the  strength 
distribution,  as  described  later.  For  yet  shorter  cracks  (a/ao  <  0.1),  the  exponent  n  increases, 
approaching  a  value  of  1/2  as  a/a0  -»  0  13.  The  behavior  of  composites  containing  such  short 
cracks  is  not  considered  in  the  present  study. 

As  additional  cracks  are  formed,  the  cracks  interact  with  one  another,  reducing  the  driving 
force  for  the  propagation  of  additional  cracks.  Such  interactions  occur  when  the  crack  spacing  2. 
falls  below  2d  where  d  is  the  slip  distance9 

d  =  oREm(l-/)/2xE/  (3) 
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The  strain  energy  release  rate  for  interacting  steady-state  cracks  has  been  evaluated  elsewhere.' Q 
A  summary  of  the  pertinent  results  is  presented  in  Fig.  3.  The  normalizing  energy  release  rate  Cj0 
is  the  steady-state  value  for  a  single  isolated  crack7: 


Q.  =  o3I£(W)ir/6E,/!tE: 


(4) 


3.  COMPUTER  SIMULATION  OF  MULTIPLE  CRACKING 


The  results  of  the  previous  section  have  been  used  to  simulate  the  formation  of  multiple 
matrix  cracks  from  various  flaw  size  distributions.  For  this  purpose,  a  one-dimensional  array  of 
volume  elements,  each  of  unit  cross-sectional  area,  was  constructed.  Each  element  was  assigned 
a  flaw,  such  that  the  flaw  size  distribution  was  characterized  by  extreme  value  statistics,  using: 


F 


(5) 


where  F  is  the  cumulative  probability  of  flaws  having  size  smaller  than  a  in  an  elemental  length, 
L,  m  is  the  shape  parameter  (or  Weibull  modulus)  and  ao  and  Xxi0  are  chosen  as  the  reference 
crack  size  and  element  length,  respectively,  with  X,  being  a  dimensionless  scaling  factor  and  do 
the  slip  distance  at  the  onset  of  cracking  (given  by  Eqn.  (3)  with  <7  =  G0).  The  flaw  sizes  were 
assigned  to  element  locations  according  to  a  Monte  Carlo  process. 

The  simulation  of  matrix  cracking  proceeds  in  two  parts.  Firstly,  flaws  that  are  initially 
shorter  than  ao  are  allowed  to  grow  to  a  size  ao  when  G  >  Gc  (Eqn.  2a).  Secondly,  for  each  flaw 
of  current  size  ao,  the  distances  to  tl  e  two  neighboring  cracks  are  computed  and  Q  evaluated 
from  the  results  of  Fig.  3  (see  Eqns.  34-38  of  Ref.  9).  If  the  condition  for  the  propagation  is 
satisfied  {Q'Z.  lHm  (1  -  /),  the  location  of  the  flaw  is  read  into  a  second  array  containing  the 
positions  of  propagated  cracks.  Once  all  the  flaws  have  been  inspected  at  a  given  stress  level,  the 
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stress  is  incremented  and  the  process  is  repeated  for  the  remaining,  unpropagated  flaws.  At  each 
stage,  the  distribution  of  crack  spacing  is  calculated. 

The  simulations  were  based  on  a  relatively  long  gauge  length  (1000  d0)  and  a  high  linear 
density  of  volume  elements  (50/do)-  This  gives  50,000  volume  elements  in  the  gauge  length, 
each  occupying  a  length  L  =  do/50.  Relatively  smooth  size  distributions  were  obtained  by  using 
200  discrete  flaw  sizes.  The  elastic  mismatch  parameter,  a  =  (1  -  f)EmfEjf,  was  set  to  (X  =  1. 
The  shape  parameter  m  was  assigned  values  of  4  and  10,  which  sensibly  bounds  the  cases  of 
practical  interest.  The  scaling  parameter  X  was  varied  between  0.01  and  1000.  These  limits 
correspond  to  the  extreme  cases  in  which  the  vast  majority  of  flaws  are  either  smaller  or  larger 
than  ao-  The  flaw  distributions  are  plotted  on  Fig.  4. 

The  results  of  the  simulations  are  presented  in  Figs.  5  and  6.  Figure  5  shows  the  crack 
spacing  distributions  at  three  levels  of  stress  for  m  =  4  and  X  =  100.  Similar  trends  were 
observed  for  other  values  of  m  and  X.  Figure  6  summarizes  the  trends  in  the  average  linear  crack 
density  (the  inverse  of  crack  spacing)  with  applied  stress. 

For  cases  where  a  significant  number  of  initial  flaws  have  a  size  greater  than  ao  (X  ~  0.1), 
the  development  of  crack  density  with  stress  is  identical  to  that  found  by  considering  only 
steady-state  cracks,  as  in  our  earlier  work.9  As  the  number  of  large  flaws  decreases  (increasing 
A,),  the  initial  jump  in  crack  density  at  the  matrix  cracking  stress  diminishes.  For  very  large 
values  of  X,  the  curves  become  sigmoidal  in  shape,  in  accord  with  experimental  measurements 
on  glass  ceramic  matrix  composites  (Fig.  1). 

It  is  also  of  interest  to  note  that  the  saturation  crack  density  appears  to  be  relatively 
insensitive  to  X  and  m  (within  ~  10%).  In  addition,  the  stress  required  for  crack  saturation 
increases  with  increasing  values  of  m  and  X.  It  would  appear  then  that  the  range  of  stress  needed 
to  complete  the  cracking  process  provides  some  measure  of  the  flaw  distribution. 
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4.  STRESS-STRAIN  CURVES 

The  results  of  the  simulations  were  used  to  compute  the  tensile  stress-strain  curves.  Prior  to 
cracking  (G/G0  <  1),  the  stress-strain  relation  is  given  simply  by 

=  £/e0 

where  ec  is  the  strain  at  the  onset  of  matrix  cracking  (Oq/E).  Following  cracking,  the  additional 
inelastic  strain  associated  with  the  cracks  is  computed.  In  this  regime,  two  different  approaches 
were  used  to  compute  the  strain.  In  the  first,  the  fiber  strain  distribution  was  integrated  along  the 
entire  length  of  the  composite,  taking  into  account  the  local  variations  in  crack  spacing.  In  the 
second,  the  cracks  were  replaced  with  a  periodic  arrangement  of  cracks  with  an  equivalent 
average  crack  spacing,  i.  The  latter  approach  provides  a  simple  analytical  solution  for  the  tensile 
strain  in  terms  of  the  current  crack  spacing: 


e/e0 

=  l  +  ad/t 

7>2d 

(7a) 

e/e0 

=  ]  +  a-a7/4d 

7  <  2d 

(7b) 

Both  approaches  neglect  the  additional  e’astic  strain  resulting  from  the  presence  of  the  cracks. 
Figure  7(a)  shows  a  comparison  of  the  stress-strain  curves  computed  using  the  two  approaches. 
The  agreement  is  good,  indicating  that  the  approximate  analytical  solution  (Eqn.  7)  is  adequate 
for  further  computations. 

The  stress-strain  curves  for  three  different  flaw  distributions,  calculated  using  Eqn.  (7),  are 
shown  in  Fig.  7(b).  The  main  difference  between  the  curves  is  in  their  shape  near  C/G0  -  1.  For 
small  values  of  X  (corresponding  to  many  large  flaws),  the  composite  exhibits  a  burst  of  strain  at 
0/G0  =  1,  a  feature  not  generally  observed  experimentally.  For  large  values  of  X ,  the  curves 
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appear  smoother  in  this  region,  consistent  with  the  experimental  measurements.  Figure  X  shows 
trends  in  the  computed  tangent  modulus  with  stress.  Once  again,  the  shapes  for  relatively  large 
values  of  X  are  consistent  with  the  experiments  (compare  with  Fig.  1 ). 


5.  CONCLUDING  REMARKS 

A  critical  evaluation  of  the  model  predictions  through  comparisons  with  experimental 
measurements  is  presently  not  feasible.  The  difficulty  lies  in  determining  the  parameters  that 
characterize  the  flaw  distributions  in  real  composites.  Nevertheless,  the  results  of  the  model  do 
provide  qualitative  insight  into  the  general  shape  of  measured  stress-strain  curves.  Notably,  the 
absence  of  a  strain  burst  at  G/G0  =  1  indicates  that  most  of  the  flaws  leading  to  clacking  are 
shorter  than  the  critical  value,  a0.  For  the  CAS/SiC  composite,  this  corresponds  to  a  length 
a<j  ~  80  Jim.  Furthermore,  the  range  of  stresses  over  which  cracks  propagate  provides  a  measure 
of  the  “average”  flaw  size  relative  to  ao:  decreasing  the  average  flaw  size  increases  the  stress 
range  needed  for  cracking.  Similar  trends  are  predicted  for  increasing  values  of  the  shape 
parameter,  m.  It  should  be  noted  that  the  magnitude  of  these  effects  will  be  influenced  by  thermal 
residua!  stresses,  as  well  as  the  onset  of  fiber  failure,  features  yet  to  be  incorporated  in  the  model. 

Finally,  it  is  of  interest  to  note  the  influence  of  the  matrix  flaw  distributions  on  the  strength 
distributions  of  fiber-reinforced  composites.  When  all  the  flaws  are  larger  than  a0,  the  strength  is 
a  deterministic  quantity,  independent  of  the  flaw  distribution.  In  cases  w*  're  most  of  the  flaws 
are  shorter  than  ao,  the  strength  distribution  remains  remarkably  narrow,  even  when  the  shape 
parameter  m  for  the  flaw  distribution  is  low.  This  result  is  a  manifestation  of  the  weak  crack 
length  dependence  of  the  cracking  stress  (Eqn.  2)  compared  with  that  for  monolithic  ceramics 
and  glasses.  It  can  be  readily  shown  from  the  two  dependencies  (a'1^2  and  a'1^)  that  the  effective 
Weibull  modulus  of  the  composite  is  4  times  that  of  the  monolithic  matrix  material  for  equivalent 
flaw  populations.  This  feature  may,  in  fact,  account  for  the  relative  uniformity  of  strain-strain 
data  for  fiber-reinforced  ceramic  composites  reported  by  various  workers.1^ 
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APPENDIX 


A  variety  of  micromechanical  models  that  have  been  developed  to  describe  crack  bridging  by 
frictionally  constrained  fibers.  These  have  led  to  solutions  for  either  the  crack  tip  energy  release 
rate  (7  6-8  or  the  crack  tip  stress  intensity  K4-5  in  terms  of  the  constituent  properties.  In  general, 
the  two  loading  parameters  are  related  through 

g  =  k2(i  -  v2)/e  (ad 

allowing  equivalence  to  be  established  between  the  different  approaches.  It  has  been 
recognized,8’11  however,  that  such  equivalence  is  not  always  achieved.  Specifically,  the 
steady-state  stress  intensity  factor  calculated  in  Refs.  4  and  5  gives  an  energy  release  rate 
(through  Eqn.  AI)  which  differs  from  that  of  the  energy  approaches6'8  by  a  factor  of  Em(l-/)/E. 
Thouless12  proposed  a  modification  to  the  traction  law  used  in  the  stress  intensity  calculations,4-5 
incorporating  the  factor  Em(l-/)/E,  such  that  the  steady-state  values  of  Q  for  the  two  approaches 
are  the  same.  In  applying  the  numerical  results4*5  to  the  short  crack  regime  in  the  present  study 
(Eqn.  2),  the  modification  introduced  by  Thouless  was  implicitly  assumed.  This  approach  gives 
consistent  solutions  for  the  steady-state  Q  and  the  corresponding  cracking  stress  in  both  the  short 
and  long  crack  regime  as  a  — >  a<,.  Furthermore,  it  gives  a  value  of  ao  which  differs  from  that 
given  in  Ref.  4  by  the  factor  Em(l-/)/E. 
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FIGURE  CAPTIONS 


Fig.  1.  Mechanical  behavior  of  a  unidirectional  CAS/SiC  composite:  a)  tensile  stress-strain 
response,  b)  degradation  in  tangent  modulus  with  applied  stress,  c)  evolution  of  crack 
density  and  d)  multiple  matrix  cracks  following  loading  to  failure. 

Fig.  2.  Trends  in  matrix  cracking  stress  with  crack  length.  (Numerical  results  adapted  from 
Ref.  5) 

Fig.  3.  Strain  energy  release  rate  for  interacting  matrix  cracks. 

Fig.  4.  Flaw  distributions  used  for  computer  simulations:  a)  m  =  4,  b)  m  =  10. 

Fig.  5.  Histograms  of  crack  spacing  for  various  levels  of  applied  stress  (m  =  4,  X 

Fig.  6.  Variations  in  the  average  crack  density  with  stress  for  various  values  of  X 
b)  m  =  10. 

Fig.  7.  Computed  tensile  stress-strain  curves 

a)  A  comparison  of  the  results  obtained  from  the  two  methods  described  in  the  text. 
The  solid  line  shows  prediction  of  Eqn.  7,  assuming  a  periodic  arrangement  of 
cracks.  The  symbols  correspond  to  calculations  in  which  the  fiber  strain 
distribution  was  integrated  along  the  entire  length  of  the  composite. 

b)  Effects  of  the  reference  length  parameter  X  (m  =  4). 

Fig.  8.  Effects  of  the  reference  length  parameter  X  on  the  degradation  in  the  tangent  modulus. 


=  100). 

:  a)  m  =  4, 
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ABSTRACT 


Delamination  cracks  in  composites  may  interact  with  misaligned  or  inclined 
fibers.  Such  interactions  often  lead  to  fiber  bridging,  which  causes  the  nominal 
delamination  resistance  to  increase  as  the  crack  extends.  Substantial  specimen  geometry 
effects  are  also  involved.  An  experimental  investigation  of  the  role  of  fiber  bridging  has 
been  conducted  for  three  different  composites.  The  results  are  compared  with  fiber 
bridging  models  based  on  a  softening  traction  law,  leading  to  schemes  for  predicting 
trends  in  delamination  resistance  with  specimen  geometry  and  crack  length. 
Implications  for  utilizing  this  effect  to  suppress  the  growth  of  delaminations  are 
presented. 
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1. 


INTRODUCTION 


Laminated  brittle  matrix  composites  reinforced  with  continuous  fibers  are  prone 
to  delamination  cracking  upon  monotonic  and  fatigue  loading.1-6  The  susceptibility  to 
this  mode  of  damage  is  the  direct  result  of  the  extreme  anisotropy  in  fracture  resistance 
parallel  and  noiinal  to  the  fiber  orientation.  Delamination  cracking  does  not  normally 
constitute  an  unstable  failure  mode  for  laminated  composites.  Nevertheless,  such 
damage  has  several  detrimental  influences  on  the  structural  utility  of  the  composite. 

The  shear  moduli  and  off-axis  tensile  moduli  can  be  substantially  reduced,  leading  to 
unacceptable  structural  deformations.  Moreover,  the  compressive  and  shear  strengths 
may  be  severely  degraded.  Approaches  that  suppress  delamination  cracking  are  thus  of 
substantial  concern  for  the  structural  application  of  these  materials.  Delamination 
cracking  has  been  observed  and  discussed  in  both  polymeric  and  ceramic  matrix 
composites.1-6  The  most  comprehensive  assessments  have  been  made  for  polymeric 
systems.1'2 

Delamination  cracking  studies  on  polymeric  systems  have  unequivocally 
identified  the  matrix  fracture  resistance  as  the  dominant  variable,  leading  to  major 
research  efforts  on  the  use  of  higher  toughness  polymer  matrices,  such  as  PEEK.7  This 
research  has  also  provided  a  repertoire  of  test  specimens  capable  of  exploring 
delamination,  subject  to  a  range  of  mode  mbdties  between  pure  opening  (mode  I)  and 
pure  shear  (mode  II).1  It  has  generally  been  ascertained  that  the  delamination  resistance 
in  mode  I  occurs  subject  to  the  lowest  fracture  resistance.  Consequently,  mode  I  tests 
address  the  most  serious  concerns  regarding  delamination.  The  emphasis  of  the  present 
article  is  on  the  mode  I  delamination  resistance,  as  measured  using  a  standard  double 
cantilever  beam  (DCB)  specimen.  Studies  are  conducted  on  both  ceramic  and  polymer 
matrix  composites,  in  order  to  contrast  the  relative  roles  of  the  matrix  and  the  interfaces. 
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A  substantive  factor  involved  in  the  delamination  crack  growth  resistance 
concerns  the  influence  of  the  fibers.  In  general,  delamination  cracks  have  trajectories 
dominated  by  the  matrix.  However,  some  interaction  with  the  fibers  is  inevitable, 
because  of  crack  path  instabilities  and  imperfect  fiber  alignments.6,8'9  't  hese  interactions 
with  fibers  have  the  desirable  effect  of  suppressing  delamination.9  However,  such 
interactions  also  cause  the  delamination  resistance  to  depend  on  specimen  geometry, 
loading  mixity,  etc.9,10  The  resulting  lack  of  uniqueness  complicates  the  design  of 
delamination  resistant  composites.  The  present  study  contributes  to  the  development  of 
a  simple  procedure  that  correlates  the  effects  of  geometry,  loading  and  delamination 
plane. 


2.  SOME  BASIC  MECHANICS 

2.1  Linear  Elastic  Behavior 

The  mode  I  strain  energy  release  rate  for  an  orthotropic  DCB  specimen  is11 

5  =  , 

where  P  is  the  applied  load,  a  is  the  crack  length,  h  is  half  the  specimen  depth,  b  is  the 
specimen  width,  I  is  the  second  moment  of  area  of  the  arms  of  the  DCB  specimen: 

I  =  bh3/l2 

X  and  p  are  measures  of  the  elastic  anisotropy 

X  =  Ea/En 
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where  E  is  Young's  modulus,  with  the  subscripts  22  and  11  referring  to  transverse  and 
longitudinal,  respectively,  while 


p  -  ffl&C  -  ( W 

where  G  is  the  shear  modulus  and  v  is  Poisson’s  ratio.  The  coefficient  ^  has  been 
evaluated  numerically  as11 

5  =  0.677  +  0.146(p  -  1)  -  0.0178(p  -  l)2  +  0.00242(p  -  l)3  (2) 

For  a  significant  number  of  test  configurations  and  materials,  the  effects  of  shear 
deformations  near  the  crack  tip  are  negligible  and  Eqn.  (1)  simplifies  to  the  beam  theory 
solution, 

PV 

§  bE„I  (3) 

In  some  cases,  measurement  of  the  crack  length  is  subject  to  experimental  restrictions. 
Then,  an  alternative  expression  for  Q  derived  in  terms  of  the  crack  mouth  opening 
displacement,  §  is  more  convenient.  The  beam  theory  result  is 

r  _  3PS 

*  ”  2ab  (4) 

which  may  also  be  modified  to  account  for  crack  tip  shear  deformations.11 
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2.2  Non-Linear  Behavior 

A  major  source  of  non-linearity  in  the  delamination  cracking  of  laminated  brittle 
matrix  composites  is  governed  by  interactions  between  the  crack  and  the  fibers.8'9,12  A 
general  description  of  these  effects  can  be  provided  by  presuming  that  the  fibers  which 
interact  with  the  delamination  crack  exert  bridging  tractions,  p,  that  depend  on  the  local 
crack  opening,  u.10  Such  tractions  necessarily  lead  to  resistance  curve  behavior,  as  well 
as  effects  of  specimen  geometry  and  loading  mixity  on  the  apparent  fracture  resistance. 
These  features  can  be  explicitly  addressed  by  invoking  a  traction  law,  p(u). 
Consideration  of  the  basic  fiber  bridging  process  (Appendix)  suggests  that  a  softening 
law  is  most  relevant  to  delamination.  The  simplest  form  of  such  a  law  is,10 

P  =  P,(l  -  u/u0)  (5) 

where  pQ  is  the  traction  at  u  «  0  and  uQ  refers  to  the  displacement  at  the  end  of  the  fiber 
bridging  zone.  A  series  of  pertinent  results  has  been  derived  using  this  law,10  such  that 
delamination  is  predicted  to  occur  in  accordance  with  a  resistance  (fa  having  the 
following  characteristics.  The  mode  I  steady-state  resistance  is10 

Qm  =  ro  +  pcu0/2  (6) 

where  ro  is  the  mode  I  matrix  fracture  resistance.  The  crack  length  upon  attaining 
steady-state,  ass,  is  given  by,10 

a„~(h3bEn/12f  (7) 
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Both  Q ss  and  ass  provide  a  first  order  basis  for  comparing  experiment  with  theory.  In 
the  range  0  <  a  <  a^,  the  resistance  is  given  by,10 

=  (Va3f[l  +  2V5a,(a/h)V]!  (8) 

2 

where  OC3  and  a4  are  coefficients  of  order  unity  and  ¥  =  p  0  h/Enro.  For  the  case 
ro  «  <  Qss>  Eqn.  (8)  reduces  to 

^REu/Poh  -  12(a^/a43)  (a/h)4  (9) 

which  vividly  demonstrates  the  strong  influence  of  specimen  geometry,  h,  and  of  fiber 
bridging,  p0. 


3.  EXPERIMENTAL 
3.1  Materials 

Two  ceramic  matrix  composites  were  used,  each  with  Nicalon  fibers  providing 
the  reinforcement.  A  lithium  alumino  silicate  (LAS)  glass  ceramic  matrix  material  was 
provided  by  United  Technologies.13  A  calcium  alumino  silicate  (CAS-IR  matrix 
material  was  provided  by  Coming.14  Both  composites  were  manufactured  by  hot 
pressing  to  obtain  the  laminate  structure.  A  fiber  volume  fraction,  /  -  0.4  was  achieved 
in  both  cases.  All  test  specimens  were  cut  from  150  mm  x  130  mm  plates.  Unidirectional 
(016)  laminates  were  employed,  with  a  nominal  ply  thickness,  0.17  mm.  In  addition,  a 
few  tests  were  performed  on  a  polymer  matrix  composite  consisting  of  AS4  carbon 
fibers  in  a  Poly(etheretherketone)  thermoplastic  matrix,  comprised  of  (016)  laminates, 
with  a  nominal  ply  thickness  0.125  mm. 
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3.2  Test  Procedure 


DCB  specimens  having  dimensions  55  x  3  x  2.8  mm*  were  precracked  at  one  end 
by  cutting  an  initial  notch  with  a  watering  saw.  The  load  was  transferred  to  the 
specimen  using  hinges  to  avert  extraneous  bending  moments.  The  load  line 
displacement  was  monitored  using  a  capacitance  transducer.  The  tests  were  performed 
in  displacement  control.  In  all  cases,  the  crack  length  was  measured  in  situ  using  a 
travelling  microscope.  In  the  majority  of  tests,  the  propagation  of  (interlaminar)  cracks 
between  the  original  lamination  layers  was  investigated.  A  few  tests  were  also 
performed  in  which  the  crack  extended  in  a  (intralaminar)  plane  perpendicular  to  the 
laminate  plies. 

4.  RESULTS 

4.1  Ceramic  Matrix  Composites 

A  typical  load /displacement  plot  for  a  DCB  test  on  a  ceramic  matrix  composite  is 
reproduced  in  Fig.  1.  In  contrast  to  the  assumptions  of  elastic  beam  theory,  the 
load/ displacement  curve  is  significantly  non-linear  prior  to  first  crack  propagation. 
Unloading,  after  some  crack  propagation,  reveals  permanent  deformation  of  the 
specimen.  In  addition,  there  is  evidence  of  hysteresis  in  the  loading/ unloading 
behavior.  Inspection  of  the  crack  reveals  the  presence  of  a  few  intact  fibers  bridging  the 
crack  over  a  substantial  portion  of  its  length  (Fig.  2a,  b.  Fig.  3).  This  bridging  behavior  is 
probably  responsible  for  the  nonlinearity  of  the  load /displacement  curves.  Insight  can 
be  gained  by  evaluating  the  apparent  critical  strain  energy  release  rate  using  Eqns.  (1) 

*  The  limited  quantity  of  these  materials  necessitated  the  use  of  small  specimens. 
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and  (4)  (Fig.  4).  The  values  obtained  from  the  displacements  using  Eqn.  (4)  are  lower, 
because  of  the  effect  of  bridging  fibers.  The  fracture  resistance  of  the  CAS  matrix 
material  is  characterized  by  a  steep  rise  for  -  10  mm  of  crack  growth,  followed  by  a 
steady-state  at  (7ss  *  250  Jnr2  with  a  fracture  energy  at  crack  growth  initiation, 

T0  ~  20  Jm'2,  comparable  to  that  obtained  from  mixed-mode  tests  on  crossply 
laminates  of  glass  LAS  composites.3  Observations  of  crack  wake  bridging  suggest  that 
the  fibers  remain  intact  in  the  region  of  rising  fractuie  energy,  while  steady-state 
involves  a  bridging  zone  of  constant  length,  with  the  bridging  fibers  having  the 
characteristics  sketched  in  Fig.  3. 

A  much  greater  rise  of  the  apparent  fracture  resistance  is  observed  for  the  LAS 
matrix  material.  The  difference  is  attributed  to  variations  in  the  fiber  packing  and  the 
associated  fiber  misalignment,  as  elaborated  below.  To  further  examine  the  effect  of 
fiber  misalignment,  CAS  composites  were  loaded  such  that  the  cracks  grew  on 
intralaminar  planes  (Fig.  4).  The  marked  increase  in  the  resistance  compared  with  that 
for  interlaminar  delamination  confirms  the  importance  of  fiber  alignment  and 
placement  relative  to  the  crack  plane. 

To  address  effects  of  specimen  geometry  (since  only  sixteen-ply  laminates  were 
available),  the  DCB  specimens  were  modified  by  bonding  alumina  layers  to  the  top  and 
bottom  faces.  The  energy  release  rate  was  then  evaluated  from  Eqn.  (1),  based  on  the 
second  moment  of  area  for  the  stiffened  beam.  The  resistance  determined  for  specimens 
of  various  flexural  stiffnesses  (Fig.  5)  indicates  that  the  steady-state  resistance  remains 
invariant,  but  the  crack  extension  required  to  reach  steady-state  increases  markedly 
with  increase  in  the  specimen  stiffness.  In  the  specimen  having  the  highest  stiffness,  it 
was  noted  that  initial  crack  pop-in  to  a  length  of  -  8  mm  occurred  without  interaction 
with  the  fibers.  Consequently,  the  rising  resistance  only  developed  at  lengths  in  excess 
of  the  pop-in  length. 
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The  crack  opening  profile  was  examined  for  a  CAS  specimen  with  an 
interlaminar  crack.  The  specimen  was  wedged  open  at  the  crack  mouth  and  the 
measurements  taken  using  a  scanning  electron  microscope.  The  measured  profile 
(Fig.  6)  is  compared  with  that  calculated  using  the  assumptions  of  beam  theory  in 
conjunction  with  the  following  boundary  conditions:  zero  opening  and  zero  slope  at  the 
crack  tip  and  a  known  opening  displacement  at  the  mouth.  The  correlation  suggests  that 
the  bridging  effect  is  only  significant  within  ~  10  mm  of  the  crack  tip. 

4.2  Carbon  Fiber-Peek  Composite 

Unidirectional  carbons  fiber/PEEK  laminates  with  an  overall  thickness  of  2.4  mm 
were  used.  The  DCB  specimen  width  was  6  mm.  The  resistance  was  calculated  using 
Eqn.  (1),  accounting  for  the  anisotropy  and  finite  geometry  of  the  specimens.  A 
significant  increase  in  resistance  occurs  with  crack  advance  (Fig.  7). 


5.  ROLE  OF  FIBER  BRIDGING 

A  comparison  between  experiment  and  theory,  leading  to  an  understanding  of 
the  resistance  characteristics,  can  be  conducted  in  accordance  with  the  following  steps. 

i)  The  steady-state  bridging  zone  length  ass  is  obtained  from  the  fracture  resistance  data 
(Figs.  3, 6)  based  on  the  crack  length  at  which  steady-state  commences.  Consistency  is 
addressed  by  comparing  this  value  with  predicted  by  the  bridging  model  (Eqn.  7). 

ii)  The  opening  at  the  end  of  the  bridging  zone,  at  a  distance  ass  from  the  crack  tip  is 
calculated  from  beam  theory,  assuming  that  the  bridging  fibers  have  an  insignificant 
effect  on  the  beam  profile  (cf.  Fig.  6).  iii)  With  the  premise  that  uQ  is  an  explicit  property 
of  the  fiber  bridging  process,  the  peak  bridging  traction  p0  is  evaluated  by  equating  the 
measured  steady-state  toughness  to  that  predicted  by  Eqn.  (6).  iv)  Based  on  this  p0,  the 
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full  resistance  curve  is  calculated  using  Eqn.  (8)  and  compared  with  experiment.  The 
parameters  obtained  for  the  three  composites,  using  this  approach,  are  summarized  in 
Table  I.  Based  on  these  parameters,  a  comparison  is  made  (Fig.  4)  between  the  measured 
resistance  curves  and  the  curves  predicted  using  Eqn.  (8).  The  correspondence  is 
satisfactory  and  furthermore,  the  absolute  magnitudes,  as  well  as  the  ratios  of  p0  among 
the  materials  appear  reasonable,  when  compared  with  the  simple  model  described  in 
the  Appendix. 

Specimen  geometry  effects  can  be  rationalized  by  using  the  fiber  bridging 
parameters  (Table  I)  and  predicting  the  change  in  resistance  with  the  stiffness  of  the 
arms  of  the  DCB  specimen.  For  this  purpose,  the  second  moment  of  area  of  the  stiffened 
arms  is  used  to  determine  that  modified  arm  thickness  Y*  (as  if  the  arms  were  made 
entirely  of  the  composite  material).  This  value  is  used  in  Eqn.  (8)  to  predict  the 
resistance.  The  predicted  resistances  are  plotted  on  Fig.  8.  For  this  purpose,  the 
resistance  for  the  highest  stiffness  specimen  was  only  computed  for  crack  length  beyond 
pop-in,  where  fiber  interactions  were  observed  to  commence.  With  this  proviso,  it  is 
apparent  that  there  is  acceptable  agreement  with  the  experimental  results. 


6.  CONCLUDING  REMARKS 

Experiments  and  models  indicate  that  interlaminar  fracture  resistances  obtained 
from  DCB  tests  are  sensitive  to  fiber  bridging.  Comparatively  weak  pull-out  tractions 
result  in  resistances  many  times  the  fracture  resistance  for  crack  growth  initiation.  The 
shape  of  the  resistance  curve  is  influenced  by  the  stiffness  of  the  arms  of  the  specimen 
relative  to  the  bridging  forces.  This  geometrical  dependence  leads  to  an  overestimate  of 
the  resistance  when  bridging  effects  are  not  explicitly  included  in  the  analysis  of  the 
data. 
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Both  LAS  and  CAS  ceramic  matrix  composites  exhibit  an  enhancement  in 
resistance  between  10  and  20  times  that  of  the  matrix  material.  Misaligned  fibers 
bridging  the  crack  account  for  this  behavior.  Should  such  fiber  misalignment  be 
eliminated,  the  fracture  resistance  would  be  limited  to  the  initiation  value  of  only 
20  Jnr2.  Conversely,  if  misalignment  could  be  guaranteed,  or  if  through-thickness 
reinforcements  were  introduced,  delamination  could  be  largely  avoided.  A  similar 
behavior  obtains  for  a  carbon  fiber  reinforced  PEEK  composite.  In  this  case,  the  greater 
matrix  toughness  alleviates  much  of  the  concern  regarding  the  role  of  fiber  bridging. 
However,  values  for  the  delamination  resistance  dted  in  the  literature  are  subject  to 
error,  when  no  allowance  has  been  made  for  bridging  fibers. 
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APPENDIX 


Model  for  Bridging  Functions  in  Mode  I  Delamination 

From  SEM  observations  (Fig.  2a-b),  the  following  model  appears  to  provide  a 
reasonable  description  of  ligament  bridging.  Following  the  idealization  shown  in  Fig.  3, 
the  bridging  ligaments  are  considered  to  be  short  beams  of  retangular  section,  capable 
of  deforming  in  shear  and  bending.  The  ligaments  peel  away  from  the  crack  faces, 
overcoming  a  fracture  resistance,  IY  By  symmetry,  the  curvature  and  the  bending 
moment  at  the  center  of  the  beam  is  zero.  The  problem  can,  therefore,  be  simplified  as 
consisting  of  two  cantilever  beams  joined  at  the  center,  with  dimensions  shown  in 
Fig.  Al. 

From  Timoshenko  and  Goodier,17  the  end  displacement,  u/2,  of  the  beam  is 
given  by 

u  =  P£  Pt^£ 

2  3EI  +  2IG  (Al) 


where  P  is  the  load,  E  is  Young's  modulus,  G  the  shear  modulus,  1  the  beam  length,  2t 
the  thickness  and  I  the  second  moment  of  area.  The  compliance,  C,  is: 


C 


u 

2P 


(A2) 


The  strain  energy  release  rate,  Q,  is  related  to  the  compliance  by 
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where  W  is  the  beam  width.  For  stable  crack  growth  (Q  -  Ti),  the  cantilever  length  fi 
may  be  obtained  from  Eqn.  (A4)  as 


l 


f 2wr ; 
.  p2 


2IG 


El 


(A5) 


Substituting  Eqn.  (A5)  into  Eqn.  (Al)  gives  the  displacement  relationship 


u 


2P  If  2wr, 
3El\{  P2 


(A6) 


The  predicted  traction  law  obtained  using  the  parameters  for  CAS  given  in 
Table  n  (Fig.  A2)  reveals  softening  although  not  the  simple  linear  softening  assumed  by 
Suo  et  ai.10  For  comparison,  the  linear  softening  behavior  that  fits  the  experimental 
resistance  curve  data  for  CAS,  obtained  by  assuming  80  discrete  ligaments  per  mm2  of 
crack,  is  superposed  on  Fig.  A2.  The  general  level  of  the  traction  is  consistent  with  the 
simple  model.  No  attempt  has  been  made  to  incorporate  either  frictional  sliding  or 
ligament  degradation,  both  of  which  are  observed  experimentally. 
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TABLE  II 


Parameters  Used  For  Ligament  Model 


t  (3  fiber  radii) 
w  (6  fiber  radii) 
E  (local  /  «  0.5) 

n 


21  Jim 
42  jlm 
150  GPa 
12  or  25  Jm'2 
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FIGURE  CAPTIONS 


Fig.  1.  Load,  displacement  characteristics  of  a  DCB  interlaminar  fracture  test. 

Fig.  2.  a)  Bridging  ligaments  near  the  crack  tip  in  a  CAS/Nicalon  DCB  specimen, 
b)  Bridging  ligaments  6  mm  behind  the  crack  tip. 

Fig.  3.  A  schematic  of  the  bridging  process. 

Fig.  4.  a)  Comparison  of  nominal  interlaminar  mode  I  fracture  resistance  for  LAS 
matrix  composite  determined  using  crack  length  and  displacement 
measurements. 

b)  Nominal  mode  I  fracture  resistance  for  CAS  on  interlaminar  and 
intralaminar  planes,  and  for  LAS  on  interlaminar  planes.  Also  shown  are 
the  predicted  curves. 

Fig.  5.  Nominal  mode  I  fracture  resistances  for  CAS  specimens  stiffened  by  bonding 
AI2P3  plates. 

Fig.  6.  Crack  opening  displacements  measured  as  a  function  of  distance  from  the 
crack  tip.  Also  plotted  is  the  elastic  beam  theory  prediction. 

Fig.  7.  Nominal  mode  I,  interlaminar  fracture  resistance  data  for  unidirectional 
carbon  fiber — PEEK  DCB  specimens. 

Fig.  8.  A  comparison  of  the  fracture  resistance  data  from  Fig.  5  with  calculated  curves 
(Eqn.  8). 

Fig.  Al.  A  cantilever  beam  used  to  model  the  elastic  deformation  of  the  bridging 
ligament. 

Fig.  A2.  The  traction,  crack  opening  behavior  predicted  by  the  ligament  model  for  two 
values  of  fracture  energy,  Tj.  Also  shown  is  the  linear  softening  law  used  to 
correlate  the  resistance  curve  data. 
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ABSTRACT 


Multilayer  systems  comprised  of  brittle  materials  can  exhibit  substantia” 
different  behaviors  under  flexural  and  tensile  loadings.  The  present  article  addresses  the 
origins  of  such  differences,  with  emphasis  on  the  modeling  of  the  flexural  stress-strain 
response.  Systems  with  both  a  deterministic  tensile  strength  and  a  distribution  in 
strengths  (characterized  by  Weibull  statistics)  are  considered.  The  model  predictions 
show  that  both  the  ultimate  strength  and  strain-to-failure  in  flexure  exceed  the 
corresponding  values  in  uniaxial  tension.  In  addition,  systems  comprised  of  alternating 
layers  of  two  different  materials  are  examined,  and  disparities  in  the  flexural  and  tensile 
behaviors  addressed. 
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1.  INTRODUCTION 


There  has  recently  been  considerable  interest  in  the  mechanical  behavior  of  a  wide 
range  of  multilayer  systems.  Some  of  these  systems  are  man-made,1'2  whereas  others 
occur  in  nature  (e.g.,  shells  of  mollusks3-4).  The  key  feature  that  imparts  good 
mechanical  properties  in  these  materials  is  the  presence  of  crack-deflecting  interfaces 
between  layers:  cracks  that  form  in  one  layer  are  deflected  along  the  interfaces  with 
adjacent  layers,  preventing  catastrophic  failure. 

Characterization  of  the  mechanical  properties  of  multilayer  systems  usually 
involves  two  types  of  tests:  flexure  and  uniaxial  tension.  Flexure  tests  are  frequently 
chosen  because  of  limitations  of  small  specimen  volumes,  and  ease  of  both  sample 
preparation  and  testing  procedure.  In  selecting  these  tests,  it  is  implicitly  assumed  that 
the  measurements  are  characteristic  of  the  tensile  properties,  particularly  when  all  the 
layers  in  the  system  are  brittle.  However,  it  has  become  clear  that  layered  materials 
exhibit  rather  different  characteristics  in  the  two  tests.  In  particular,  the  nominal  strain 
to  failure  measured  in  flexure  can  be  substantially  higher  than  that  measured  in  uniaxial 
tension.1/2  The  purpose  of  the  present  article  is  to  address  the  origins  of  such  disparities. 

It  should  be  emphasized  that  neither  test  is  necessarily  "better"  than  the  other  in 
terms  of  characterizing  mechanical  properties:  they  are  simply  different  from  one 
another.  The  uniaxial  tensile  test  simulates  loading  that  leads  to  in-plane  tensile  stresses, 
whereas  the  flexure  test  simulates  loading  that  involves  stress  gradients  across  the 
layers.  Such  gradients  can  arise  through  either  mechanical  loading,  e.g.,  a  plate,  simply 
supported  at  discrete  points  on  one  side,  with  a  uniformly  distributed  load  on  the  other; 
or  thermal  loading,  e.g.,  a  plate  with  a  temperature  gradient  across  the  plate. 
Consequently,  it  is  necessary  to  understar d  the  mechanics  of  failure  in  both  cases. 

Multilayer  systems  comprised  of  brittle  layers  can  exhibit  three  types  of  behavior 
under  flexural  loading.  The  behavior  is  dictated  by  the  properties  of  the  interfaces 
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between  the  layers  as  well  as  the  loading  configuration,  (i)  When  the  layers  are  strongly 
bonded,  the  system  behaves  essentially  as  a  monolithic  ceramic:  a  crack  in  one  layer  can 
propagate  readily  into  adjacent  layers,  with  no  beneficial  effect  of  the  interface.  In  this 
case,  the  flexural  stress-strain  response  is  linear  elastic  up  to  fracture  (as  it  is  in  uniaxial 
tension),  (ii)  The  second  type  of  behavior  involves  sliding  of  the  layers  past  one  another 
prior  to  cracking.  This  occurs  when  the  sliding  resistance  of  the  interface  is  low.  The 
stress-strain  response  of  such  systems  is  characterized  by  a  linear  region  with  a  low 
modulus,  given  approximately  by  E/N  where  E  is  the  modulus  of  the  ceramic  and  N  is 
the  number  of  layers.  In  principle,  the  sliding  can  be  prevented  by  increasing  the  aspect 
ratio  of  the  beam  such  that  the  in-plane  shear  stresses  are  minimized,  (iii)  The  third, 
and  most  desirable,  type  of  behavior  occurs  when  the  interface  is  sufficiently  strong  to 
prevent  sliding,  but  its  fracture  resistance  is  sufficiently  small  to  allow  cracks  to  be 
deflected  along  the  interfaces.  In  order  to  get  crack  deflection,  the  interface  toughness, 
Ti,  must  be  less  than  -25%  of  the  toughness  of  the  ceramic,  I~c10.  The  flexural 
stress-strain  response  of  these  systems  is  characterized  by  a  linear  elastic  region  with  a 
modulus  equivalent  to  that  of  the  monolithic  ceramic,  followed  by  a  step-like  reduction 
in  stress  as  the  layers  crack1  A  Systems  that  exhibit  the  latter  characteristics  are  the 
focus  of  the  present  study. 

This  paper  considers,  theoretically,  the  flexural  stress-strain  response  of  three  types 
of  brittle,  multilayer  systems,  all  containing  crack  deflecting  interfaces.  In  the  first,  all 
the  layers  are  assumed  to  be  the  same  and  to  have  a  deterministic  tensile  strength.  This 
simple  case  demonstrates  that  the  nominal  failure  strain  in  flexure  is  larger  than  that  in 
tension.  The  flexural  strength,  however,  remains  the  same  as  the  tensile  strength.  In  the 
second  system,  the  strengths  of  the  individual  layers  are  assumed  to  follow  a  two- 
parameter  Weibull  distribution.  In  this  case,  both  the  strength  and  the  strain  to  failure  in 
flexure  exceed  the  corresponding  values  for  uniaxial  tension.  The  third  system  is 
comprised  of  alternating  layers  of  two  different  materials,  both  of  which  have  a 
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deterministic  tensile  strength.  This  configuration  is  chosen  to  provide  insight  into  the 
behavior  of  hybrid  composites  comprised  of  monolithic  ceramics  and  fiber-reinforced 
composite  layers.2'5  A  notable  feature  that  emerges  from  these  calculations  is  the 
difference  in  the  critical  volume  fraction  of  reinforcement  needed  for  strength 
enhancement:  the  critical  value  being  lower  in  flexure  than  in  tension.  Comparisons 
between  theoretical  predictions  and  experimental  measurements  will  be  presented 
elsewhere.6 

2.  SYSTEMS  WITH  DETERMINISTIC  STRENGTH 

The  flexural  stress-strain  response  of  a  weakly-bonded  multilayer  material  with  a 
deterministic  tensile  strength  CTt  is  evaluated  following  Euler-Bemoulli  beam  theory.7 
The  compressive  strength  of  the  material  is  assumed  to  be  very  much  larger  than  the 
tensile  strength  and  the  material  is  taken  to  be  linear  elastic  up  to  fracture.  These 
characteristics  are  representative  of  many  brittle  solids,  including  ceramics.  The  loading 
is  assumed  to  be  pure  bending.  The  results  are  presented  in  terms  of  nominal  stresses 
and  strains,  calculated  on  the  basis  of  the  overall  beam  dimensions. 

Upon  initial  loading,  the  system  behaves  like  a  monolithic  solid  in  the  sense  that 
both  the  stress  and  the  strain  distributions  across  the  beam  are  linear.  The  maximum 
values  of  tensile  stress  and  tensile  strain  are  thus  given  by7 

o  =  6M/b(N0t)2  (1) 


and 

e  =  a/E  =  6M/b(N0t)2E 


(2) 
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where  M  is  the  applied  bending  moment,  N0  is  the  number  of  layers,  t  is  the  thickness 
of  each  layer  and  b  is  the  beam  width.  When  G  reaches  Gt ,  the  outermost  layer  (on  the 
tensile  side)  breaks:  the  remaining  layers  are  assumed  to  stay  intact  since  the  crack 
deflects  along  the  interface  with  the  second  layer.  The  corresponding  values  of  nominal 
stress  and  strain  are  simply 

O}  =  ct  (3) 


and 


El  =  ot/E  =  et 


(4) 


For  the  purpose  of  calculating  the  subsequent  stress-strain  response,  it  is  assumed 
that  the  stress  everywhere  in  the  first  layer  is  reduced  to  zero  following  cracking.  In 
essence,  the  outer  layer  is  removed  from  the  composite,  leaving  (N0  - 1)  intact  layers. 
As  a  result,  the  stress  and  strain  distributions  can  be  assumed  to  remain  linear,  with  a 
shift  in  the  neutral  axis  by  a  distance  of  t/2.  The  reduction  in  plate  stiffness  following 
the  initial  cracking  event  leads  to  a  drop  in  the  nominal  stress  to  the  value 


=  a-i 


N0-l 

No 


\3 


(5) 


In  order  to  break  the  next  layer,  the  plate  must  be  loaded  further  until,  once  again,  the 
stress  in  that  layer  reaches  Ot .  The  loading  conditions  required  for  this  event  are 
described  by 


7F:MS27(February  8. 1993)3:01  PM/mef 


6 


Nn  -1 


N0-l 


Following  the  second  cracking  event,  the  load  drops  again,  and  the  stress  for  further 
cracking  calculated  assuming  that  both  cracked  layers  do  not  support  any  stress.  Using 
this  approach,  the  nominal  stress,  <5\,  and  the  nominal  strain,  £  j,  for  cracking  the  ith 
layer  are 


Oj_  | 


where  Nj  is  the  number  of  intact  layers.  Similarly,  the  nominal  stress  after  failure  of  the 
jth  layer  is 


(n  ,-ir 

1  NjNj 
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The  preceding  results  can  be  combined  to  describe  two  relevant  curves:  one  is  the 
locus  of  nominal  stress  and  nominal  strain  values  at  each  cracking  event;  the  other  is  the 
locus  of  the  corresponding  values  following  each  cracking  event.  The  stress-strain  curves 
oscillate  between  these  loci  in  a  saw-tooth  fashion  until  all  the  layers  have  broken,  as 
illustrated  in  Fig.  1.  For  comparison,  the  behavior  corresponding  to  uniaxial  tensile 
loading  is  also  shown.  The  former  locus  is  obtained  by  combining  Eqns.  (8)  and  (9), 
resulting  in 


Note  that  this  relationship  does  not  depend  on  the  number  of  layers.  The  latter  locus  is 
obtained  from  Eqns.  (9)  and  (10),  resulting  in 


In  this  case,  the  stress  increases  with  increasing  number  of  layers,  N0,  as  shown  in 
Fig.  2.  As  N0  approaches  the  lower  curve  converges  with  the  upper  curve  and  the 
stress-strain  curve  becomes  a  smooth,  monotonically  decreasing  function  beyond  the 
stress  maximum.  It  should  be  noted  that  the  flexural  strength  of  these  systems  (defined 
by  the  maximum  point  in  the  nominal  stress/nominal  strain  curve)  is  identical  to  the 
tensile  strength.  However,  the  nominal  strain-to-failure  can  be  substantially  higher  in 
flexure:  by  a  factor  of  -  3-4  for  large  values  of  N0. 
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3.  ROLE  OF  FRACTURE  STATISTICS 


Many  brittle  materials,  including  ceramics,  exhibit  a  distribution  in  strengths.  This 
distribution  can  generally  be  described  by  the  empirical  Weibull  function 


P 


m 


(13) 


where  P  is  the  cumulative  probability  of  failure  at  stresses  up  to  O,  V  is  the  sample 
volume,  V0  and  <J0  are  the  reference  values  of  volume  and  stress,  and  m  is  the  Weibull 
modulus.  The  approach  developed  in  the  previous  section  is  used  here  to  describe  the 
flexural  response  of  multilayer  systems  in  which  the  strength  of  the  layers  follows  such 
a  distribution.  For  convenience,  N0  is  assumed  to  be  large,  allowing  the  stress  gradients 
across  individual  layers  to  be  neglected.  To  provide  a  basis  for  comparison,  the  results 
for  uniaxial  tensile  loading  are  presented  first.  The  latter  results  are  not  new:  they  are 
equivalent  to  those  obtained  in  the  theory  of  fiber  bundle  failure. 

During  uniaxial  tensile  loading,  the  stress  in  each  intact  layer  is  simply  EE ,  where  £ 
is  the  remote  tensile  strain.  The  stress  in  the  broken  layers  is  assumed  to  be  zero,  as  in 
the  preceding  section.  Consequently,  the  variation  in  nominal  stress  with  nominal  strain 
can  be  written  as 


a_  =  eE(l-P)  =  TeEV  -v/eEY" 
°o  °o  UoJ  Vol°oJ 


(14) 


Typical  tensile  stress-strain  curves,  presented  in  the  normalized  form  0/00  vs  E  E/00, 
for  several  values  of  m  are  shown  in  Fig.  3(a).  The  tensile  strength,  is  obtained  by 
setting 
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d(q/q0) 

d(eE/o0) 


0, 


(15) 


whereupon 


CJj 


1 

(meV/V0)^ 


(16) 


Trends  in  dj/Oo  with  m  for  V /  V0  =  1  are  presented  in  Fig.  4. 

The  corresponding  results  for  flexural  loading  are  more  complicated  and,  as  shown 
below,  require  numerical  integration.  The  assumptions  used  in  deriving  the  equations 
here  are  essentially  the  same  as  those  outlined  in  Section  2,  with  one  notable  exception. 
Since  the  strength  of  the  layers  is  assumed  to  follow  a  Weibull  distribution,  cracking 
does  not  necessarily  occur  sequentially  through  the  layers  in  order  of  their  positions. 
Consequently,  the  stress  distribution  across  the  beam  does  not  remain  linear,  ‘hough  the 
strain  distribution  does. 

Evaluation  of  the  nominal  stress-strain  behavior  of  such  systems  involves  two 
steps.  In  the  first,  the  applied  bending  moment,  M,  is  equated  to  the  moment  induced 
by  the  stresses  within  the  beam.  This  condition  can  be  written  as 

M  =  -Ss!)  jI|o(£)(£~£c)dt 

(e,  -  ec)  £<  (17) 


where  Ec  and  £t  are  the  maximum  values  of  compressive  and  tensile  strains, 
respectively.  Furthermore,  assuming  the  stress-strain  relation  <J(£)  to  be  linear  in  the 


7F:MS27(Febru«ry  8, 1993)3:01  PM/mef 


10 


compressive  region  (£  <  0)  and  to  follow  Eqn.  (14)  in  the  tensile  region  (£  >  0)  allows 
Eqn.  (17)  to  be  re-written  in  the  non-dimensional  form 


c  6 

_  —  ,  .2 

f°  e(e  -  ec  )de  +  r  e(e  -  ec)exp 

r^e-l 

de 

/ 

(et  ~  ec) 

Jec  Jo  j 

Lvo  J 

1 

(18) 

where  e  is  a  normalized  strain  (£  E/a0),  and  the  subscripts  c  and  t  represent 
compression  and  tension,  respectively.  In  the  second  step,  the  sum  of  the  forces  acting 
parallel  to  the  plate  is  set  equal  to  zero,  enforcing  static  equilibrium.  This  condition  can 
be  expressed  as 


e-exp 


/ 

V 


0 


(19) 


Combining  Eqns.  (18)  and  (19)  leads  to  the  final  result 

=  2 

°°  (et  ~ec)2 


3p 

Jo 


e2  •  expl 


.m 


v  vo; 


de-e; 


where 


= 


e-exp 


_V_ 

vV0y 


(20) 


(21) 


Hie  integrals  in  these  equations  have  been  solved  using  a  numerical  method.  The 
resultant  stress-strain  curves  for  V/V0  =  1  and  several  values  of  m  are  plotted  in 
Fig.  3(b).  Comparison  with  the  tensile  curves  indicates  that  the  ultimate  flexural 
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strength  dp,  consistently  exceeds  the  ultimate  tensile  strength,  Cj,:  the  difference  being 
largest  for  low  values  of  m  (Fig.  4).  The  influence  of  m  on  the  strength  ratio  (flexural  to 
tensile)  is  plotted  in  Fig.  5. 

It  is  of  interest  to  note  that  the  trend  in  Fig.  5  is  similar  to  that  obtained  when 
comparing  the  mean  flexural  strength  of  a  monolithic  ceramic  with  the  corresponding 
mean  tensile  strength.  In  the  latter  case,  the  strength  ratio  is  given  by8 


£f 

6t 


(22) 


where  c  is  a  numerical  coefficient.  When  the  specimen  volumes  are  equivalent,  c  =  2. 

The  trend  predicted  by  Eqn.  (22)  is  plotted  on  Fig.  5  as  a  dashed  line.  It  appears  to  scale 
with  the  results  for  multilayer  systems  over  the  range  of  values  of  m  considered  here, 
suggesting  that  the  present  results  can  be  described  empirically  by  a  function  with  a 
form  similar  to  that  of  Eqn.  (22).  Indeed,  when  c  is  taken  to  be  0.75,  Eqn.  (22)  provides  a 
good  approximation  to  the  exact  results,  with  an  error  <  0.8%,  over  the  range  3  <  m  <  20. 
This  comparison  is  presented  in  Fig.  5.  It  is  also  of  interest  to  note  that  the 
strain-to-failure  of  the  multilayer  systems  in  flexural  loading  is  substantially  higher  than 
that  for  tension  for  the  entire  range  of  values  of  m. 

The  origin  of  the  disparity  in  the  ultimate  strengths  in  flexural  and  tensile  loading 
can  be  understood  by  examining  the  stress  and  strain  distributions  across  a  flexural 
beam  at  various  stages  of  loading.  One  such  example,  for  m  =  5,  is  presented  in  Fig.  6. 
Figure  6(a)  shows  the  nominal  stress-strain  response  and  Figs.  6(b)  and  (c)  show  the 
corresponding  strain  and  stress  distributions  at  three  load  levels,  represented  by  points 
A,  B  and  C.  Prior  to  extensive  cracking  (A),  both  the  strain  and  stress  distributions 
remain  essentially  linear  and  symmetric  about  the  beam  center,  as  expected  for  an 
elastic  beam.  When  extensive  cracking  occurs,  the  strain  distribution  remains  linear, 
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though  the  neutral  axis  shifts  toward  the  compressive  face.  At  the  load  maximum 
(point  B  in  Fig.  6(a)  ),  the  stress  distribution  on  the  tensile  side  becomes  highly  non¬ 
linear:  the  shape  of  this  distribution  is  identical  to  the  tensile  stress-strain  curve  shown  in 
Fig.  3(a)  (though  with  a  part  of  the  tail  truncated).  This  similarity  arises  because  the 
strain  distribution  is  assumed  to  vary  linearly  across  the  beam.  The  maximum  local 
tensile  stress  in  the  plate  is  thus  equivalent  to  the  ultimate  tensile  strength  (0.59  G0  for 
the  present  case),  whereas  the  maximum  compressive  stress  reaches  significantly  higher 
levels:  0.85  00  at  the  load  maximum.  Consequently,  the  maximum  nominal  stress 
supported  by  the  beam  is  higher  in  flexure  (0.80  Oc)  than  in  tension  (0.59  00).  In  essence, 
this  difference  can  be  attributed  to  the  process  of  stress  re-distribution  following 
cracking  in  the  flexure  specimen,  coupled  with  the  high  compressive  strength  of  the 
constituent  layers. 

To  provide  insight  into  the  relative  magnitudes  of  these  effects  (one  due  to  the 
stress  re-distribution  and  the  other  to  the  tension-compression  strength  differential),  it  is 
useful  to  consider  a  hypothetical  case  where  the  compressive  stress-strain  response  is  the 
same  as  that  for  tension  (Eqn.  14).  This  approach  allows  determination  of  the  ratio  of 
flexural  to  tensile  strength  when  the  only  effect  is  the  geometric  one  associated  with 
stress  re-distribution.  (Clearly,  this  is  an  academic  exercise  since  there  are  no  real 
materials  that  exhibit  such  behavior.)  The  results  of  these  calculations  are  plotted  as  the 
dotted  line  in  Fig.  5.  Apparently,  the  strength  ratio  (flexure/tension)  is  due  largely  to 
the  stress  re-distribution  effect,  though  there  is  a  noticeable  contribution  associated  with 
the  tension-compression  strength  differential. 


4.  BIMATERIAL  SYSTEMS 

The  preceding  analysis  for  single-phase  systems  is  extended  here  to  cases  in  which 
the  beams  consist  of  alternating  layers  of  different  phases:  one  being  the  'matrix'  phase 
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(material  1)  and  the  other  the  'reinforcing'  phase  (material  2).  The  motivation  for  this 
analysis  stems  from  recent  experimental  studies  on  hybrid  composites  comprised  of 
alternating  layers  of  monolithic  ceramics  and  fiber-reinforced  sheets.  The  present 
analysis  is  limited  to  symmetric  lay-ups  in  which  the  exterior  layers  are  the  'matrix' 
phase.  Each  of  the  two  phases  is  assumed  to  be  linear  elastic  and  to  have  a  deterministic 
tensile  strength.  For  simplicity,  differences  in  elastic  moduli  between  the  two  materials 
are  neglected.  (The  elastic  mismatch  is  accounted  for  in  a  companion  paper  6.)  Once 
again,  cracks  formed  in  one  layer  are  assumed  to  be  deflected  along  the  interfaces  with 
adjacent  layers,  allowing  the  layers  to  behave  independently  of  one  another. 
Furthermore,  the  tensile  strength  O2  of  the  reinforcing  layers  is  assumed  to  be  larger 
than  the  tensile  strength  Oj  of  the  matrix  layers.  The  behavior  of  plates  comprised  of  an 
infinite  number  of  layers  is  considered  first,  since  a  closed  form  expression  for  the 
stress-strain  response  can  be  readily  derived. 

The  tensile  stress-strain  relationship  of  such  bimaterial  beams  is  a  discontinuous 
linear  function  of  strain  in  three  intervals  of  strain.  This  relationship  can  be  expressed  in 
the  non-dimensional  form 


a/e  E 

=  1 

e/e,<l 

(23a) 

a/eE 

=  / 

l<e/ei<e2/ei 

(23b) 

a/eE 

=  0 

e/£l  >£2/£i 

(23c) 

where  f  is  the  volume  fraction  of  the  reinforcing  phase,  and  £1  and  £  2  are  the  failure 
strains  of  materials  1  and  2,  respectively.  Due  to  the  discontinuous  nature  of  the  tensile 
response,  the  nominal  stress  in  flexure  is  also  a  discontinuous  function  of  strain.  The 
flexural  response  must  be  determined  separately  for  each  of  the  three  intervals  and  then 
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combined  in  a  piece-wise  fashion  to  determine  the  overall  response.  In  all  cases,  the 
flexural  response  is  determined  from  static  equilibrium  (by  setting  the  average 
longitudinal  stress  equal  to  zero)  and  setting  the  resultant  bending  moment  equal  to  the 
applied  moment. 

The  first  interval  is  simply  the  trivial  case  where  the  body  is  linear  elastic, 
whereupon  the  stress-strain  relation  becomes 


o  _  e 
t\ 


(24) 


where  £t  is  the  maximum  tensile  strain  in  the  beam. 

For  the  second  interval,  the  nominal  stress-strain  relation  is 


o 


(  f 


1-  ^ 


+  f 


~\  \ 


V* 


-1 


J 


1  <|i  <£2. 
h  £i 


(25) 


where  ec  is  the  maximum  compressive  strain  and  is  related  to  the  nominal  strain  e  by 


(  /  X 

2  1 

2f 

— 1  + 

f2  +2f 

Z(— 

-1 

+  1 

£c  _  _ 

leiJ 

{  VEiJ 

/ 

h  (1  -  f)  (26) 


The  expression  for  the  third  interval  is 
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where  the  maximum  compressive  strain  is  now  given  by 


£c 

El 


“ 

(f-  \ 

2  > 

' 

f 

-1 

+  1 

[Vei  J 

J 

(28) 


It  can  readily  be  shown  that,  when  f  =  0,  the  results  for  intervals  two  and  three 
(Eqns.  25  and  27)  are  identical,  and  agree  with  the  results  derived  for  single  phase 
multilayered  materials  (Eqn.  11). 

Similar  calculations  have  also  been  carried  out  for  plates  containing  finite  numbers 
of  layers.  In  this  case,  no  simple  closed  form  expression  for  the  flexural  stress-strain 
response  can  be  obtained.  The  approach  adopted  here  was  to  increase  the  nominal 
strain  in  small  increments  and,  at  each  interval,  evaluate  the  magnitude  of  the  stresses 
in  both  phases.  When  the  stresses  reached  the  corresponding  strengths  (either  <Ji  or  O2), 
then  those  layers  were  discounted  from  subsequent  calculations  by  simply  setting  their 
modulus  equal  to  zero,  as  before.  This  procedure  was  repeated  until  all  the  layers  had 
failed. 

The  resulting  nominal  stress-strain  curves  for  the  case  where  O2/O1  =  3  and 
/  =  0.1  are  plotted  in  Fig.  7(a).  In  this  case,  the  ultimate  strengths  in  tension  and  flexure 
are  governed  by  the  strength  of  the  matrix  phase  (material  1),  though  the  nominal 
flexural  stress  at  strains  beyond  the  load  maximum  is  larger  than  that  in  tension.  In 
general,  the  stress  increases  as  the  number  of  layers  increases.  It  is  also  seen  that  the 
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result  for  beams  containing  20  matrix  layers  (39  total  layers)  differ  only  slightly  from  the 
infinite  layer  solution. 

The  corresponding  stress-strain  curves  for  f  =  0.5  are  shown  in  Fig.  7(b).  In  this 
case,  the  ultimate  strength  is  substantially  larger  than  the  stress  required  for  the  onset  of 
matrix  cracking.  It  is  also  apparent  that  the  ultimate  strength  is  greater  in  flexure  than  in 
tension  and  depends  to  some  extent  upon  the  number  of  layers. 

The  effects  of  reinforcement  volume  fraction  /  on  the  ultimate  strengths  in  tension 
and  flexure  for  the  case  where  O2/O1  =  3  are  shown  in  Fig.  8.  At  low  values  of  /,  there 
is  no  strength  enhancement  due  to  the  presence  of  the  reinforcements:  once  the  matrix 
layers  fail,  the  reinforcements  are  unable  to  support  the  additional  load  and  thus  the 
strength  of  the  composite  is  dictated  by  that  of  the  matrix.  However,  beyond  a  critical 
volume  fraction,  f0  the  strength  increases  with  /,  reaching  a  value  of  3  when  /  =  I. 

A  notable  feature  in  Fig.  8  is  that  the  critical  volume  fraction  for  flexure  is  lower 
than  that  for  tension.  This  critical  volume  fraction  can  be  expressed  solely  in  terms  of 
the  strength  ratio,  0}/02-  For  tensile  loading,  the  relationship  is  simply9 

/c  =  °l/o2  (29) 

For  flexure,  the  critical  value  is  found  by  setting  the  maximum  nominal  stress  (given  by 
the  intersection  of  Eqns.  (25)  and  (27))  equal  to  unity,  resulting  in 
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The  results  of  Eqns.  (29)  and  (30)  are  plotted  against  the  strength  ratio  O2/O1  in  Fig.  9, 
and  show  that  the  critical  volume  fraction  in  flexure  is  consistently  about  half  of  that 
required  in  tension. 


5.  CONCLUDING  REMARKS 

The  main  goal  of  this  study  has  been  to  quantify  the  basic  trends  in  the  fracture 
behavior  of  brittle  multilayered  systems  and  address,  specifically,  the  origin  of 
differences  between  flexural  and  tensile  properties.  A  simple  theory  based  on  the 
bending  of  beams  has  been  developed  to  account  for  the  progressive  cracking  through 
such  systems  and  its  effects  on  the  nominal  stress-strain  response.  A  number  of 
important  features  have  been  identified.  Firstly,  single  phase  multilayer  beams  with 
deterministic  strengths,  while  not  possessing  greater  strengths  than  the  individual 
layers,  do  have  the  ability  to  withstand  flexural  load  beyond  the  initial  cracking  event 
under  displacement-controlled  conditions.  When  the  individual  layers  possess  a 
statistical  distribution  of  strengths  (as  expected  for  most  brittle  solids),  both  the  strength 
and  the  failure  strain  are  higher  in  flexure  than  in  tension.  In  either  case,  multilayer 
systems  are  likely  to  be  stronger  than  monolithic  materials  of  the  same  dimensions,  due 
simply  to  the  fact  that  thin  layers  usually  contain  smaller  flaws  and  hence  possess 
greater  mean  strengths  (i.e.  the  two  dimensional  analog  to  fibers).  Secondly,  further 
property  improvements  can  be  obtained  by  introducing  reinforcing  layers  with  a  high 
strength  and  strain- to-failure  (e.g.  fiber  composite).  Such  hybrid  systems  are  expected 
to  provide  a  high  matrix  cracking  stress  (relative  to  that  of  conventional  unidirectional 
CMCs)  in  combination  with  a  high  strain-to-failure.  Finally,  the  critical  volume  fraction 
required  to  strengthen  layered  ceramic  systems  under  flexural  loading  is  about  one  half 
the  value  corresponding  to  uniaxial  tension.  This  result  is  important  in  designing 
composites  for  applications  subject  to  stress  gradients  across  the  layers. 
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It  should  be  noted  the  present  theory  is  rather  simplistic  in  the  sense  that  the 
interfacial  cracks  are  assumed  to  propagate  to  sufficiently  long  lengths  such  that  the 
cracked  layers  are  completely  unloaded.  In  reality,  the  interfacial  cracks  are  expected  to 
propagate  only  a  finite  length  along  the  beam:  the  average  stress  within  each  cracked 
layer  could  then  be  substantial.  This  is  expected  to  increase  the  ultimate  flexural 
strength  in  relation  to  the  present  model  predictions.  A  more  rigorous  model  is  needed 
to  incorporate  such  effects. 
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FIGURES 


Fig.  1.  Comparison  of  the  tensile  and  flexural  stress-strain  curves  of  a  system 

comprised  of  8  brittle  layers,  each  with  a  deterministic  tensile  strength,  <7t  The 
dashed  lines  are  calculated  from  Eqns.  (11)  and  (12),  and  show  the  bounds  on 
the  flexural  stress-strain  curve. 

Fig.  2.  The  locus  of  points  bounding  the  flexural  stress-strain  response  of  systems 

with  finite  numbers  of  layers.  The  solid  curve  represents  the  upper  bound,  and 
the  dashed  curves  represent  the  lower  bounds. 

Fig.  3.  Influence  of  the  Weibull  modulus,  m,  on  (a)  the  tensile  and  (b)  the  flexural 
stress-strain  response  of  multilayer  systems. 

Fig.  4.  Trends  in  the  ultimate  strength  with  Weibull  modulus  for  flexural  and  tensile 
loading. 

Fig.  5.  Influence  of  Weibull  modulus  on  the  ultimate  strength  ratio 
(flexure- to- tension) . 

Fig.  6.  (a)  The  flexural  stress-strain  curves  for  m  =  5,  and  (b)  the  corresponding 

strain  and  (c)  stress  distributions  at  three  load  levels,  indicated  by  points  A,  B 
and  C  on  the  curve  in  (a). 

Fig.  7.  Comparisons  of  the  tensile  and  flexural  stress-strain  curves  for  bimaterial 

systems:  (a)  /  =  0.1,  (b)  /  =  C.5.  Note  that  the  tensile  curves  do  not  depend  on 
the  number  of  layers,  whereas  the  flexural  curves  do. 

Fig.  8.  Influence  of  reinforcement  volume  fracture  on  (a)  the  flexural  and  tensile 
ultimate  strengths  and  (b)  the  strength  ratio  (flexure/tension). 

Fig.  9.  Influence  of  strength  ratio  G2/O1  on  the  critical  reinforcement  volume  fractions 
for  both  flexural  and  tensile  loading. 
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ABSTRACT 


Nicalon  fibers  are  found  to  provide  substantial  axial  creep  strengthening  of 
CAS  at  1200°C.  The  axial  creep  is  transient  in  nature,  caused  by  a  strength 
enhancement  of  the  fibers,  attributed  to  grain  growth  at  elevated  temperatures.  This, 
in  turn,  results  in  reduced  diffusional  creep.  The  transverse  creep  properties  are 
dominated  by  the  matrix,  resulting  in  considerable  anistropy.  This  anisotropy  leads 
to  severe  distortion  when  off-axis  loading  arises.  Residual  stresses  develop  upon 
unloading  after  creep,  and  cause  superficial  matrix  cracking. 
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1.  INTRODUCTION 


Ceramic  matrix  composites  are  expected  to  have  a  key  role  in  achieving  the 
performance  goals  of  the  next  generation  of  advanced  aircraft.  The  intrinsic  ceramic 
properties  of  high  refractoriness,  good  oxidation  resistance  and  low  density  have 
been  motivating  the  development  of  these  materials.  Much  of  the  recent  effort  has 
been  expended  in  overcoming  some  of  the  key  limitations  of  ceramic  materials, 
particularly  their  notch  sensitivity.  This  work  has  led  to  the  development  of  ceramic 
matrix  composites  (CMCs),  using  fiber  reinforcement  as  a  means  of  controlling 
damage  and  redistributing  stresses.1'3  Critical  to  the  success  of  this  approach  is  the 
presence  of  a  fiber  coating  that  provides  a  "weak"  interface.4'5 

While  the  low  temperature  mechanical  behavior  of  ceramic  matrix 
composites  is  now  reasonably  well  understood,6'9  much  remains  to  be  addressed  at 
high  temperatures,  where  most  of  the  performance  benefit  is  to  be  obtained.  The 
presence  of  reinforcing  fibers  can  have  additional  advantages  at  such  temperatures. 
In  particular,  if  the  fibers  are  more  creep  resistant  than  the  matrix,  a  substantial 
creep  strengthening  should  be  achieved.10"12  This  is  expected  to  be  the  case  for  glass 
ceramics  reinforced  with  silicon  carbide  fibers.  However,  the  actual  creep 
strengthening  will  be  influenced  by  several  factors.  For  instance,  it  is  presently 
unclear  whether  the  presence  of  a  "weak"  interface  obviates  the  strengthening  effect 
by  allowing  debonding  and  relative  sliding  between  fiber  and  matrix,  at  prematurely 
failed  fibers.  Furthermore,  most  currently  used  fibers  are  polycrystalline,  and  rely 
upon  a  fine  grain  size  (<  1  pm)  to  achieve  high  strength.  This  fine  grain  size  implies 
a  susceptibility  to  creep  and  rupture,13"15  both  of  which  may  limit  the  useful 
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temperature  of  the  composite.  Composite  creep  may  also  be  influenced  by  high 
temperature  microstructural  changes  occurring  in  the  fibers.16-18 

Another  important  factor  governing  composite  behavior  is  the  anisotropy. 
Unidirectional  fiber  reinforcement  results  in  optimum  creep  strengthening  in  the 
fiber  direction,  but  at  the  expense  of  a  diminished  transverse  strength.  In  practice, 
the  inferior  out-of-plane  properties  may  limit  structural  integrity.  It  therefore 
becomes  imperative  to  understand  this  anisotropy  in  detail,  in  order  to  guide 
materials  development  and  ensure  reliable  engineering  design. 

In  this  study,  the  creep  behavior  of  the  calcium  aluminosilicate  (CAS)  system, 
unidirectionally  reinforced  with  SiC  (Nicalon03 )  fibers,  has  been  investigated.19  In 
this  material,  the  presence  of  a  carbon  layer  at  the  fiber/matrix  interface  results  in  a 
strong  dependence  of  mechanical  properties  on  the  extent  of  oxidation.4 
Consequently,  in  order  to  allow  separation  of  the  influence  of  mechanical  loading 
and  environment  creep  tests  are  conducted  in  inert  conditions.  The  responses  to 
both  axial  and  transverse  loads  are  investigated,  as  needed  to  reveal  the  creep 
strengthening  provided  by  the  fibers,  as  well  as  the  anisotropy  in  material  response. 
The  creep  properties  are  correlated  with  changes  in  the  microstructure  occurring 
during  the  tests. 


00  Nicalon® 
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2.  EXPERIMENTAL  PROCEDURES 


2.1  Creep  Tests 

Creep  tests  were  performed  with  a  hydraulic  testing  machine  in  argon 
(=  0.1  MPa)  within  a  furnace  having  a  2200°C  temperature  capability.  The 
composites  were  tested  in  four-point  flexure  on  beams  measuring  approximately 
3  x  3.5  x  45  mm.  A  device  was  constructed  which  directly  and  continuously 
evaluates  the  (constant)  curvature  over  the  inner  span  by  measurement  of  the 
displacement  A  (Fig.  1).  The  maximum  tensile  creep  strain  rate  £  is  then  given 
rigorously  by20 

£  =  m/(a2+s2)  (1) 

where  h  is  the  beam  thickness  and  s  the  span.  The  device  allows  strain 
measurements  accurate  to  within  T0.01%,  and  a  resolution  of  T0.0005%.  Subsequent 
numerical  treatment  of  the  data  then  yields  the  corresponding  strain  rate  behavior. 

The  stresses  that  develop  in  the  composite  relate  to  the  applied  moment 
through  the  longitudinal  constitutive  properties  of  the  composite.  Determining 
exact  values  for  the  stress  during  flexural  creep  is  not  straightforward.  Procedures 
used  in  this  study  are  described  in  Appendix  I. 

This  test  system  was  also  adapted  for  compressive  creep  measurements.  In 
this  case,  the  outer  two  gauging  rods  (Fig.  1)  contacted  the  top  loading  plate  and  the 
central  gauging  rod,  attached  to  the  LVDT,  contacted  a  creep  resistant  SiC  platen 
directly  under  the  specimen.  Deformation  of  the  specimen  was  measured  from  the 
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relative  displacement  of  the  inner  and  outer  gauging  rods,  from  which  the  strain 
can  be  determined  directly. 

2.2  Characterisation  Techniques 

Specimens  for  scanning  electron  microscopy  (SEM)  were  prepared  using 
standard  metallographie  techniques.  Carbon-coated  samples  were  examined  in  JEOL 
SM  848  SEM  in  secondary  mode.  The  microscope  was  equipped  with  a  Tracor 
Northern  TN  5500  analysis  system. 

For  transmission  electron  microscopy  (TEM)  chracterization,  samples 
prepared  by  ion  milling  were  examined  at  200kV  in  a  JEOL  2000FX  TEM  equipped 
with  a  LINK  eXL  high  take-off  angle  energy  dispersive  spectroscopy  system. 
Computer  simulations  and  indexing  of  selected  area  diffraction  (SAD)  patterns  were 
facilitated  by  the  Desktop  Microsopist  software  package  (Virtual  Labs,  Ukiah,  CA 
95482).  TEM  of  the  composite  after  creep  was  impeded  by  crumbling  of  the  matrix 
during  foil  preparation.  The  following,  alternative,  procedure  was  thus  used  to 
obtain  samples  of  fibers.  Wafers,  approximately  2.5  mm  square  and  300  pm  thick, 
were  cut  using  a  slow  speed  diamond  wafering  blade,  with  the  fiber  orientation  in 
the  plane  of  the  wafer.  These  wafers  were  then  soaked  in  concentrated  hydroflouric 
acid  for  about  3  minutes  to  remove  most  of  the  matrix,  leaving  the  intact  fibers 
behind.  These  fibers  were  then  extracted  using  a  tweezers,  mounted  on  a  copper  grid 
and  ion  milled  prior  to  TEM  analysis. 
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3.  MATERIAL 


The  composite  investigated  in  the  present  study  is  a  calcium-alumino-silicate 
(CAS)  glass  ceramic,  unidirectionally  reinforced  with  continuous  (Nicalon)  silicon 
carbide  fibers.19  These  composites  were  produced  by  passing  tows  of  fibers  through  a 
liquid  slurry  containing  fine  particles  of  the  matrix  in  suspension.  The  tows  were 
subsequently  dried,  stacked  unidirectionally,  and  consolidated  by  hot-pressing.  The 
resulting  material  comprises  16  plies,  with  an  average  fiber  volume  fraction 
(/  ~  0.4),  although  local  variations  are  evident  (Fig.  2).  The  composite  is  produced 
as  a  flat  plate,  with  a  glass-rich  surface  layer8/19.  During  testing,  this  layer  constitutes 
the  outer  surface  of  the  side  faces  and  may  protect  the  composite  from  attack  by 
residual  oxygen  in  the  test  environment. 

TEM  characterisation  revealed  that  the  CAS  matrix  consists  of  Anorthite  with 
a  grain  size  <  1  pm.  Substantial  twinning  (=  20  nm  width)  was  evident  throughout 
the  matrix  in  the  as-received  state.  Very  fine  (=  20  nm)  precipitates,  probably 
zirconia,  were  detected  within  the  CAS  grains.  The  fiber/matrix  interface  consisted 
of  a  300A  thick  carbon  layer  (Fig.  3a),  identified  by  means  of  scanning  EELS 
micrographs,  recorded  with  the  characteristic  energy  loss  for  carbon  (Fig.  3b).  SEM 
analysis  revealed  the  presence  of  occasional  brittle  matrix  cracks,  perpendicular  to 
the  fiber/matrix  interface.  Electron  diffraction  analysis  of  the  fibers  revealed  a 
characteristic  ring  pattern,  representative  of  (J-SiC  with  a  very  fine  grain  size.  Dark- 
field  imaging  established  a  grain  size,  d  «  1-3  nm. 
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4.  RESULTS 


4.1  Creep  Rates 

Flexural  creep  experiments  were  conducted  at  1200°C,  between  50  to  150  MPa, 
with  fibers  oriented  along  the  length  of  the  sample,  in  order  to  obtain  the  uniaxial 
creep  rates  summarized  in  Fig.  4.  The  total  (outer  fiber)  strains  during  testing  were 
limited  to  ~  1%.  It  is  apparent  that  the  strain-rate  is  fully  transient,  at  all  applied 
stresses,  indicative  of  continuous  creep  strengthening  (with  accumulating  strain). 

To  determine  the  effect  of  loading  history  on  the  creep  rate,  two  tests  were 
conducted  at  the  same  nominal  stress,  but  with  one  periodically  interrupted,  (Fig.  5). 
To  prevent  recovery  effects,^  the  sample  was  cooled  rapidly  during  interruption. 
The  strain  was  then  measured  from  the  beam  curvature  at  room  temperaure.  The 
results  demonstrate  the  history  insensitivity  of  the  composite  creep. 

Transverse  compressive  creep  data  obtained  at  1200°C  are  presented  in  Fig.  6. 
In  contrast  to  the  axial  response,  the  transverse  behavior  is  characterized  by  a 
minimum,  (apparent  steady-state),  deformation-rate,  preceeded  by  an  initial 
transient.  The  steady-state  behavior  can  be  characterised  by  a  power-law,  with  a 
power  law  exponent,  m  *  2.4.  A  comparison  of  the  axial  and  transverse  creep-rate  at 
50  and  75  MPa  (Fig.  7),  provides  direct  evidence  that  creep  strengthening  is  achieved 
using  Nicalon  fibers. 

An  alternative  demonstration  of  the  creep  anisotiopy  is  provided  by  the 
cross-sectional  profiles  of  crept  flexural  samples  (Fig.  8).  The  ratio  X  of  peak  shear 
stress  between  the  inner  and  outer  loading  points  to  peak  tensile  stress  in  the 
midspan  is  typically  low  OSO.l)^  ,  so  that  in  isotropic  beams  the  effect  of  shear 

IX.  *  2  (L  -  /)  /  h,  for  elastic  or  linearly  creeping  fibers. 
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deformation  can  usually  be  neglected.  However,  the  relatively  poor  creep  strength  of 
unidirectional  fiber  composites  in  shear  results  in  shear  deformations  substantially 
higher  than  those  caused  by  bending. 

4.2  Observations 

Scanning  electron  microscopy  conducted  on  the  crept  samples  provided 
information  about  microstructural  damage  upon  transverse  and  axial  loading.  At 
small  strains  (<1%),  there  was  no  apparent  matrix  damage:  The  absence  of  matrix 
cracks  in  axially  loaded  specimens,  at  the  stress  level  used  in  these  tests  (maximum 
of  150  MPa),  is  consistent  with  earlier  studies  conducted  at  room  temperature.8 
However,  cracks  were  found  in  the  glass-ceramic  coating,  on  those  sides  that  had 
been  subject  to  compression  during  creep  (Fig.  9).  The  occurrence  of  such  cracks 
implies  the  presence  of  a  residual  tension  after  cooling  and  unloading  (Appendix  II). 
Cracking  was  more  prevalent  at  higher  loads. 

At  larger  strains  (1-5%)  transverse  damage  was  apparent  in  the  matrix, 
manifest  as  voids  that  emanate  from  interface  separations,  at  fiber  segments 
perpendicular  to  the  loading  axis  (Fig.  10).  Additional  damage  was  evident  at  the 
contact  points  between  neighboring  fibers,  often  associated  with  fiber  fractures.  At 
even  larger  deformations  (£5%)  interface  voids  and  cracks  coalesced  on  a  plane 
between  the  centers  of  neighboring  fibers.  This  damage  concentrated  along  well 
defined  bands.  Failure  typically  occurred  along  the  principal  shear  stress  plane. 

TEM  revealed  significant  microstructural  changes  in  the  fibers  (Fig.  11).  A 
well-defined  outer  shell  formed  within  which  substantial  grain  growth  had 
occurred  (d  =  10  - 15  nm)  and  an  inner  core  in  which  the  grain  size  remained 
unaltered  (d  »  1  -  3  nm),  (Fig.  12),  consistent  with  other  studies.18'  The  extent  of  the 
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large  grained  regions  increased  with  time  at  temperature.  These  regions  were 
associated  with  enhanced  levels  of  Fe,  which  may  be  a  grain  growth  promoter22, 
while  similar  observations  in  unincorporated  fibers  have  suggested  the  non- 
stoichiometric  nature  of  the  fiber  to  be  responsible.18  More  precise  determinations  of 
the  kinetics  of  grain  growth  and  shell  evolution  are  in  progress. 


5.  DISCUSSION 

Information  about  the  creep  properties  of  the  matrix  can  be  obtained  from  the 
data  obtained  in  transverse  compression  (Fig.  6).  In  the  steady-state  range  the  power 
law  for  the  matrix  should  be  the  same  as  that  for  the  composite  23'24(m  =  2.4),  in  the 
absence  of  significant  matrix  damage.  Furthermore,  the  reference  stresses  should  be 
related  by23'24 

°mo  =  P(f,m)Oco  (2) 

where  omo  refers  to  the  matrix  and  aco  to  the  composite:  P  is  a  coeffetient  that  has 
been  calculated  for  perfectly  bonded  interfaces23’24,  with  f  being  the  fiber  volume 
fraction.  For  the  present  composite  (with  m  =  2.4  and  f  =  0.4)  the  calculations  give 
P  =  0.7.  Consequently,  the  data  of  Fig.  6  can  be  related  to  the  matrix  c^eep  properties 
by  means  of  a  reference  stress  conversion,  (given  by  Eq.  2  with  P  =  0.7),  obtaining 
Omo  =  0.7  MPa  and  £mo  =  4-OxlO'11  s*1.  This  conversion  is  strictly  applicable  only  in 
steady-state  and  at  small  strains,  prior  to  matrix  damage. 

The  axial  data  are  dominated  by  the  fibers  (Fig.  7).  The  lack  of  significant  fiber 
fracture  at  small  strains  suggests  that  a  'rule-of  mixtures’  law  may  be  used  to 
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interpret  these  data.  The  following  procedure  is  used  for  this  purpose.  First,  the 
matrix  creep  data  is  obtained  from  transverse  compression,  as  described  above.  A 
beam  analysis  then  yields  the  fraction  of  the  moment  borne  by  the  fibers 
(Appendix  I).  This  procedure  reveals  that,  for  t  >  5  h,  essentially  all  of  the  creep 
strength  is  associated  with  the  fibers.  Furthermore,  the  transient  nature  of  the  creep 
arises  because  of  microstructural  changes  within  the  fibers  (Figs.  11,12).  The  most 
imp  ortant  of  these  appears  to  be  grain  growth,  which  is  expected  to  be  time 
dependent.  Consequently,  by  using  time  as  an  independant  variable  (rather  than 
strain),  it  is  found  that  the  axial  creep  data  can  be  uniquely  correlated  (Fig.  13).  For 
t  >  1  h,  the  associated  constitutive  law  closely  approaches  the  form 

£/Eco  =  n(o/<Tco)n  (*/*)“  (3) 

with  n  =  1,  q  =  1§,  t  =  5.5  x  lCh6  s  and  a  =  -0.9  (oC0  =  1  MPa,  £co=l/s).  Finally,  the 
extent  and  magnitude  of  the  grain  growth  is  found  to  be  consistent  with  the 
observed  level  of  creep  strengthening  (Appendix  III).  This  interpretation  is  also 
consistent  with  a  stress  exponent,  n=l,  characteristic  of  diffusional  creep.14 

The  cracking  of  the  coating  on  the  compressive  side  of  the  flexural  specimens 
after  unloading  is  associated  with  the  development  of  residual  tensile  stresses 
(Appendix  II).  Such  cracking  may  be  important  in  causing  exposure  of  the  fibers  to 
environmental  attack.  The  peak  value  of  the  residual  stress  is  expected  to  be 
proportional  to  the  magnitude  of  the  applied  stress  during  creep  (Appendix  II), 
consistent  with  the  greater  tendency  for  such  cracking  at  larger  stresses,  as  well  as 
being  dependant  on  the  creep  properties  and  volume  fraction  of  fibers  (see  Fig.  Bl) 

§  The  fiber  constitutive  law  is  obtained  by  setting  tj  =  f. 

1  1 
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For  the  present  material,  since  the  fibers  carry  most  of  the  load  during  creep,  the 
residual  stresses  approach  =  0.7oe,  where  oe  is  the  elastic  stress.  Cracking  of  the 

coating  under  these  levels  of  residual  tension  is  consistent  with  measurements 
made  in  other  studies.8 

6.  CONCLUDING  REMARKS 

The  present  study  has  demonstrated  the  beneficial  effect  of  fibers  on  the 
longitudinal  creep  behavior  of  calcium  aluminosilicate  (CAS)  glass  ceramics.  Time- 
dependent  microstructural  changes  in  the  fibers  have  been  shown  to  result  in  long¬ 
term  creep  hardening  of  the  composite.  However,  the  transverse  creep-rates  are 
large  and  can  cause  extensive  distortion  with  off-axis  loadings.  In  addition,  it  has 
been  demonstrated  that  residual  stresses  resulting  from  non-linear  creep  can 
damage  the  composite  upon  cooling  and  may  degrade  its  subsequent  structural 
integrity. 
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APPENDIX  I 

Stress  Redistribution  in  a  Creeping  Beam 


In  a  beam  subject  to  elastic  bending,  the  maximum  tensile  and 
compressive  stresses,  ae,  are 


=  (3/2){p(L-/)/bh2} 


<A1) 


where  L  and  l  are  the  length  of  the  outer  span  and  inner  span,  respectively,  P  the 
load  and  b  the  beam  width.  When  the  entire  body  is  subject  to  power  law 
(steady-state)  creep,  with  the  strain-rate,  £,  characterized  by. 


e  =  e0(o/o0)n 


(A2) 


where  00  is  a  reference  stress,  Eq  a  reference  strain-rate  and  n  the  power  law 

A 

exponent,  the  maximum  stress  <J  in  the  flexural  specimen  is 


a/oe  =  (2n  +  l)/3n 


(A3) 


The  corresponding  stress  distribution  is25 


where  y  is  the  distance  from  the  neutral  axis. 


(A4) 
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In  creeping  composite  beams,  when  the  fibers  have  a  higher  creep  strength 
than  the  matrix,  account  must  be  taken  of  the  redistribution  in  moment  from 
the  matrix  to  the  fibers.  To  address  this  phenomenon  both  matrix  and  fibers  are 
assumed  to  follow  power-law  creep  behavior,  with  power-law  exponents  m  and 
n  respectively,  and  material  response  is  assumed  equal  in  tension  and 
compression.  In  the  absence  of  fiber  fracture,  the  strain-rate  in  the  fibers  and 
matrix  are  equal.  Inserting  this  strain-rate  equality  into  Eqs.  (A2)  and  (A4),  the 
following  relationship  is  obtained. 


fn 

pm  +  lY"  /f 2n  + 1 Y* 

a  -%r 

a-f)m 

L.  ml 

e  l  3m  J  /{  3n  J 

(A5) 

The  strain  rate  ratio,  X  ~  temoCTfo  /  ,  where  the  reference  stress  and  strain-rate 

subscripts  correspond  to  the  matrix  and  fiber.  This  equation  must  be  solved 
iteratively  to  obtain  the  fraction  £;  of  applied  moment  carried  by  the  fibers.  Inserting 
£  into  Eq.  (A4)  maximum  stress  in  the  matrix  and  fibers  during  creep  is  obtained  as 


pm+r 

|a-5) 

Oe 

V  3m  , 

Ja-f) 

and 

Hl  =  +  % 

oe  l  3m  Al-f) 


(A6) 


(A7) 


respectively.  The  equivalent  result  for  the  composite  is 
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For  CAS/Nicalon,  the  strain  rate  ratio,  x,  is  time  dependant  because  of  the 
creep  hardening  behaviour  of  the  fibers.  Provided  most  of  the  load  is  carried  by 
the  fibers,  this  time  dependance  may  be  obtained  from  the  axial  data,  and 
expressed  as 

£fo  =  (A9) 

where  <p(t/x)  is  a  function  of  time  (Of0  =  1  MPa,  n  =  1).  Values  for  £f0  obtained 
from  Fig.  13  are  used  to  determine  the  variation  in  x  throughout  the  test.  For 
t  >  1  h  the  time  dependance  of  x  can  be  described  by  <p(t/x)  =  (t/x)a,  (Eq.  3).  Trends 
in  E,  and  o/oe  during  the  test  can  then  be  computed  using  data  relevant  for 

CAS/Nicalon:  Plots  for  accumulated  test  times  of  1  -  70  h  (corresponding  to  strain 
rate  ratios  of  order  1.6  x  10~10  -  6.5  x  10-9)  and  f  «  0.4  show  that,  except  during  the 
early  stages  of  creep,  most  (>90%)  of  the  load  is  indeed  carried  by  the  fibers  (Fig. 
Al),  thus  supporting  the  validity  of  the  assumption  made  in  Eq.  A9. 
Consequently,  asO  =  oe,  the  elastic  formula  (Eq.  Al)  is  used  to  evaluate  the  stress 

presented  in  the  figures. 
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APPENDIX  II 
Residual  Stresses 


Creep  resistant  fibers  cause  the  matrix  stress  levels  to  approach  zero. 
Cooling  followed  elastic  unloading  causes  the  matrix  stress  to  change  by  an 
amount  Aom<  dictated  by  the  relative  moduli  of  the  matrix  and  the  fiber: 


Ao„ 

m 


<*e 


(Bl) 


Conseqently,  residual  tensile  stresses  may  ocur  in  those  regions  of  the  matrix 
initially  subjected  to  compression.  The  magnitude  of  the  residual  stress  depends 
on  the  relative  creep  behavior  of  fiber  and  matrix.  Typical  result  are  plotted  in 
Fig.  Bl. 
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APPENDIX  III 
Creep  Properties  of  Fibers 


Fine-grained  polycrystalline  ceramics  often  creep  in  accordance  with  a 
steady-state  law,14 


e/e0  =  (a  /  a0)n(a2/3  /  df 


(Cl) 


where  £2  is  the  atomic  volume,  d  is  the  grain  size  and  p  a  coeffecient  in  the  range 
2-3  and  n  is  in  the  range  1-2. 

Based  on  the  present  microstructural  observations  (Fig.  11)  the  fiber  is 
treated  as  two  concentric  cylinders,  the  outer  defined  by  a  grain  size  df  and  the 

inner  by  a  grain  size  di.  The  thickness  of  the  outer  cylinder  is  represented  by, 

C  =  t/R,  (Fig.  12).  The  load  distribution  between  the  large  and  fine  grained  regions 
is  determined  from  the  'rule-of-mixtures'  using  Eq.  Cl.  Then  the  overall  creep 
rate  is 

£/£0  =  (c/o0)n(Q2/3/d'f  (C2) 

where  d*  =  [(1-Q2dj  +  £(2-£)dfJ.  By  inserting  the  measured  value  for  dj «  2  nm 
and  df  =  15  nm  and  noting  that  C  =  0.4  after  2  h  at  1200 ‘C18,  Eq.  (C2)  predicts  a 
creep  strengthening  of  about  an  order  of  magnitude.  This  strengthening  level  is 
consistent  with  the  measurements  summarised  in  Fig.  13. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  of  apparatus  used  for  a)  flexural  creep  assessment, 
b)  transverse  compressive  creep  measurements. 

Fig.  2.  Overview  of  the  fiber  distribution. 

Fig.  3.  a)  TEM  bright  field  micrograph  of  interfacial  layer  of  carbon,  b)  EELS 
spectrum  verifies  that  the  layer  is  predominantly  carbon. 

Fig.  4.  Axial  creep  characteristics  of  the  composite  at  1200°C. 

Fig.  5.  Effects  of  periodic  unloading  on  axial  creep  curves. 

Fig.  6.  Transverse  compressive  creep  curves  at  1200°C. 

Fig.  7.  A  comparison  of  axial  and  transverse  c^eep  rates  at  two  equivalent  stress 
levels 

Fig.  8.  The  profile  of  a  flexural  specimen  after  testing  at  1250*C  and  50  MPa. 

Fig.  9.  Surface  cracks  evident  on  the  compressive  face  of  flexural  specimens 
after  testing. 

Fig.  10.  Scanning  electron  micrograph  of  matrix  and  interface  damage  found 
upon  transverse  compression  testing. 

Fig.  11.  Transmission  electron  micrograph  of  Nicalon  fiber  after  creep  testing  at 
1200°C  for  50  h. 

Fig.  12.  Schematic  of  grain  growth  behavior  in  Nicalon  fibers  at  1200  *C. 

Fig.  13.  Normalised  plot  of  axial  creep  behavior.  ac0/ 6co  =  1  MPa/s. 

Fig.Al.  Maximum  composite  stress  and  fraction  of  applied  moment  carried  by 
matrix  at  different  times  during  creep.  Dashed  line  is  approximate. 
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Fig.  Bl.  Maximum  residual  tension  in  matrix  at  different  times  during  creep. 
Dashed  line  is  approximate. 
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ABSTRACT 


A  study  of  matrix  cracking  in  a  unidirectional  ceramic  matrix  composite  under 
static  loading  conditions  has  been  conducted.  The  evolution  of  crack  density  with  time 
has  been  measured  using  both  flexure  and  uniaxial  tension  tests.  Sub-critical  cracking 
has  been  observed  at  stresses  below  that  required  to  develop  matrix  cracks  in  short 
duration,  monotonic  loading  tests.  Furthermore,  a  relatively  high  final  crack  density 
has  been  observed  following  extended  periods  (-106  s)  under  static  load.  A  fracture 
mechanics  analysis  applicable  to  sub-critical  crack  growth  has  been  developed  and  used 
successfully  to  model  the  evolution  of  matrix  cracking  with  time  and  applied  stress. 
The  model  incorporates  the  properties  of  the  matrix,  fibers  and  the  interfaces,  at  well  as 
the  residual  stress  and  the  initial  flaw  distribution  in  the  matrix. 
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1. 


INTRODUCTION 


Unidirectional  metal  (MMC),  intermetallic  (IMC)  and  ceramic  matrix  composites 
(CMC)  have  been  observed  to  undergo  multiple  matrix  cracking  during  either 
monotonic  or  cyclic  tensile  loading1*8.  All  of  these  matrices  are  susceptible  to  either 
cycle  or  time  dependent  crack  growth  associated  with  either  fatigue  (MMC  and  IMC)  or 
stress  corrosion  (CMC).  Multiple  cracking  reduces  the  stiffness  of  the  material, 
contributes  to  the  inelastic  strain  and  results  in  permanent  deformations  upon 
unloading3'4. 

The  development  of  multiple  matrix  cracks  upon  monotonic  loading  has  been 
extensively  investigated  on  CMCs  by  analytical  and  experimental  means1-3'4'9*13.  It  has 
also  been  found  that  significant  degradation  of  the  mechanical  properties  of  CMCs 
occur  upon  cyclic  loading14*16.  However,  the  time-dependent  behavior  under  static 
load  has  not  been  addressed.  The  aim  of  this  paper  is  to  present  an  experimental 
investigation  of  such  behavior,  in  conjunction  with  the  mechanics  needed  to  predict 
matrix  crack  growth.  The  paper  builds  upon  previous  experimental  studies  of  the 
SiC/CAS  system3'4  and  associated  modelling3'4'1^12. 


2.  EXPERIMENTAL  PROCEDURES 
2.1  Mechanical  Tests 

All  experiments  were  conducted  on  a  unidirectional  laminate  of  Nicalon/CAS 
material  provided  by  Corning17.  Relevant  material  properties  are  summarized  in 
Table  I.  Tensile  specimens  were  prepared  by  diamond  machining  coupons  having 
dimensions  150  x  3  x  2.8  mm,  followed  by  polishing.  Similar  procedures  were  used  to 
prepare  flexural  specimens  having  dimensions  50  x  3  x  2.8  mm,  with  the  fibers  oriented 
along  the  beam  axis. 
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Tensile  tests  were  conducted  in  a  servohydraulic  machine,  at  constant  load.  For 
such  tests,  aluminum  tabs  were  bonded  to  the  specimen  ends  to  ensure  even  load 
transfer  from  the  hydraulic  grips  and  also  to  avoid  crushing  of  the  specimen.  Surface 
replicas  were  periodically  made  using  a  cellulose  acetate  tape.  The  replicas  were 
subsequently  examined  in  an  optical  microscope  to  determine  the  crack  density.  The 
flexure  tests  were  conducted  in  four-point  bending  with  inner  and  outer  spans  of  20  and 
40  mm,  respectively.  The  apparatus  was  situated  within  an  optical  microscope, 
allowing  in  situ  observations  to  be  made  of  the  cracking  process  on  the  tensile  face  of  the 
beam*  A  thermometer  and  humidity  gauge  were  placed  near  the  specimens  during  the 
tests.  The  temperature  was  consistently  in  the  range  15  to  20°C  and  the  relative 
humidity  varied  from  60  to  80%. 

After  the  onset  of  matrix  cracking,  the  stress  distribution  in  a  flexural  beam 
becomes  non-linear.  Analysis  of  the  errors  associated  with  the  non-linearity  (Appendix) 
indicates  that  the  stress  on  the  tensile  face  is  within  ~10%  of  the  nominal  value  calculated 
on  the  basis  of  linear-elasticity.  In  the  subsequent  presentation,  only  the  nominal  stress 
corresponding  to  each  flexure  test  is  reported.  The  following  results  validate  that  stress 
re-distribution  does  not  influence  the  important  trends  in  the  damage  evolution  process. 

2.2  Crack  Density  Measurements 

Previous  experience  with  unidirectional  CMCs  (including  CAS/SiC)  indicates 
that,  during  tensile  loading,  matrix  cracks  develop  into  more-or-less  periodic  arrays, 
with  a  characteristic  crack  spacing3'4.  The  cracks  generally  span  a  significant  fraction  of 
the  specimen  width  and  are  bridged  by  fibers.  One  such  example  is  shown  in  Fig.  1. 
Because  of  the  periodic  nature  of  the  cracks,  the  average  crack  spacing  can  be  related  to 
changes  in  the  composite  modulus  and  the  permanent  strain  following  unloading  using 

*  No  particular  effort  was  made  to  control  the  test  environment. 
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relatively  simple  models  based  on  shear  lag3-4.  This  experience  suggests  that  the 
relevant  measure  of  damage  in  such  composites  is  the  linear  crack  density,  measured 
parallel  to  the  fiber  direction*.  This  approach  was  adopted  in  the  present  study.  In  all 
cases,  the  crack  density  was  measured  along  a  20  mm  gauge  length  parallel  to  the 
tensile  axis.  At  the  outset  of  each  test,  only  one  gauge  length  was  examined.  After 
longer  durations  (~  30  minutes),  measurements  were  made  along  three  separate  gauge 
lengths  parallel  to  one  another. 

In  making  such  measurements,  two  complicating  features  were  encountered.  In 
some  instances,  cracks  were  seen  to  bifurcate.  Invariably,  one  of  the  branches  arrested 
after  propagating  ~  10-30  pm,  whereas  the  other  continued  to  propagate  large  distances. 
An  example  is  indicated  on  Fig.  1.  In  other  instances,  cracks  propagating  in  one 
direction  arrested  when  they  reached  other  cracks  which  were  on  nearly  the  same  plane, 
but  propagating  in  the  opposite  direction.  In  such  cases,  both  sets  of  cracks  arrested 
after  propagating  -  10-30  Jim  past  one  another.  An  example  is  again  indicated  on  Fig.  1. 
These  artefacts  were  excluded  from  the  present  crack  density  measurements.  This  was 
accomplished  by  counting  only  those  cracks  that  traversed  more  than  ~  40  jim  on  both 
sides  of  the  gauge  line. 


3.  EXPERIMENTAL  RESULTS 

In  situ  observations  of  the  flexure  specimens  indicated  that  matrix  cracks  evolve 
over  time  at  constant  load.  Two  types  of  cracking  were  observed  (designated  Type  I 
and  Type  II)  .  At  low  stresses  and  short  times.  Type  I  cracking  occurred.  In  this  case, 
cracks  appeared  suddenly  and  grew  rapidly  across  the  specimen  width.  There  was  no 


*  The  linear  crack  density  is  equivalent  to  the  inverse  of  the  average  crack  spacing. 
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evidence  that  visible  cracks  were  subject  to  detectable  growth*.  This  observation 
suggests  that  sub-critical’  growth  occurs  at  very  short  cracks  which  are  invisible  in  the 
optical  microscope.  At  larger  lengths,  the  cracks  propagated  under  sub-critical 
conditions  at  a  sufficiently  high  velocity  that  they  could  not  be  followed  in  the  optical 
m;  xoscope.  Type  I  behavior  coincides  with  low  crack  densities. 

Type  II  behavior,  at  higher  stresses  or  long  times,  involves  the  extension  of 
existing,  long  cracks,  between  other  closely-spaced  cracks.  One  such  example  is  shown 
in  Fig.  2.  This  behavior  arises  at  high  crack  density.  This  observation  suggests  that  the 
cracks  "shield"  each  other,  thereby  reducing  the  driving  force  for  further  growth,  as 
shown  schematically  in  Fig.  3. 

In  situ  measurements  of  the  crack  density,  p,  in  the  flexure  specimens  revealed 
strong  effects  of  the  applied  stress  (Fig.  4(a)).  This  contrasts  with  the  behavior  of 
monolithic  ceramics,  for  which  time-dependent  effects  are  only  apparent  at  stresses 
close  to  the  instantaneous  failure  stress.  Two  features  of  the  damage  evolution  process 
are  noteworthy:  (i)  At  stresses  below  the  matrix  cracking  stress  measured  in  short 
duration,  monotonic  tests  (~150  MPa),  no  cracks  were  visible  initially.  However, 
appreciable  cracking  subsequently  occurred  over  a  period  of  ~  106  s.  Indeed,  the  final 
crack  density,  Pf,  measured  at  -  125  MPa  reached  a  significant  fraction  of  the  saturation 
crack  density,  ps*,  found  in  short  duration,  monotonic  tests  (pf  =1/2  ps)4.  (ii)  At  either 
long  times  or  high  stress,  p  tends  toward  a  constant  value  (p  =  12.5  cracks/mm).  This 
level  is  higher  than  ps. 

Measurements  of  crack  density  made  from  surface  replicas  of  the  tensile 
specimens  are  shown  in  Fig.  4(b).  One  of  these  tests  was  conducted  at  a  stress  close  to 

*  Detectable  crack  growth  is  defined  as  the  condition  wherein  the  crack  velocity  is  sufficiently  low  to 
alio  -  crack  growth  to  be  followed  in  the  microscope.  In  contrast,  sub-critical  crack  growth  refers  only  to 
cor  .mons  wherein  the  crack  tip  energy  release  rate  is  below  the  composite  toughness.  High  crack 
growth  rates  (~  10*3  m/s)  have  been  measured  in  monolithic  glass-ceramics  under  sub-critical 
condiLons^®.  Such  behavior  would  not  result  in  detectable  growth. 

’ps  «*  10  cracks/ mm. 
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the  initial  matrix  cracking  stress  (150  MPa)  and  the  other  at  a  higher  stress  (200  MPa). 
The  results  show  trends  similar  to  those  found  in  flexure  at  comparable  stress  levels. 
The  slight  discrepancies  may  be  attributed  to  differences  in  the  stress  states  in  the  two 
types  of  tests,  as  well  as  variations  in  the  testing  environment  (temperature  and  relative 
humidity).  An  assessment  of  the  effects  of  flexure  on  matrix  damage  is  given  in  the 
Appendix. 


4.  DAMAGE  MECHANICS 

The  experimental  observations  affirm  the  existence  of  appreciable  effects  of  time 
on  matrix  cracking.  The  modelling  approach  used  to  rationalize  the  experimental  results 
has  the  following  features*,  (i)  Crack  growth  in  the  matrix  is  governed  by  the  crack  tip 
energy  release  rate,  £tip,  in  association  with  a  stress  corrosion  law.  (ii)  Bridging  of  the 
crack  by  fibers  occurs,  subject  to  a  sliding  stress,  X.  The  magnitude  of  X  can  change  as  a 
result  of  environmental  interactions.  However,  in  the  following  analysis,  X  is  assumed 
to  be  constant  along  the  debonded  interface,  (iii)  Fiber  bridging  is  subject  to  two 
regimes.  When  the  cracks  are  short,  the  tip  energy  release  rate  increases  with  crack 
length.  When  the  cracks  are  long ,  the  tip  energy  release  rate  is  independent  of  crack 
length,  (iv)  Once  the  cracks  became  closely  spaced,  the  slip  lengths  of  neighboring 
cracks  overlap,  reducing  the  driving  force  for  additional  crack  growth.  Much  of  the 
relevant  mechanics  has  been  derived  elsewhere9-13.  In  this  section,  adaptations  of  the 
existing  mechanics  suitable  for  sub-critical  crack  growth  are  presented. 


’These  (<  'hires  are  suggested  by  the  present  consensus  regarding  the  mechanisms  of  stress  corrosion  in 
ceramics19. 
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4.1  Energy  Release  Rates 

The  effects  of  bridging  fibers  on  the  crack  tip  energy  release  rate  £tip  or  stress 
intensity  Ktip  for  single,  isolated  cracks  have  been  extensively  analyzed9'13.  Here,  the 
numerical  results  of  McMeeking  and  Evans13  are  presented  and  adapted  to  the  problem 
of  sub-critical  crack  growth.  The  trends  in  energy  release  rate  with  crack  length  (from 
Fig.  6  of  Ref.  13)  are  shown  in  Fig.  5.  These  results  are  found  to  be  well-approximated 
by  two  analytical  expressions*.  When  2  ^  CJt  R/T  a  <  y. 
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where  R  is  the  fiber  radius;  2a  is  the  crack  length;  E  is  the  longitudinal  composite 
modulus, 

E  =  f  Ef  +  (1-f)  En,  (2) 

with  Em  and  Ef  being  the  moduli  of  the  matrix  and  the  fibers;  V  is  Poisson's  ratio, 
assumed  to  be  the  same  for  the  matrix  and  the  fibers;  y  is  a  numerical  coefficient 

y  =  (127C/25)3  *  3.43  (3) 


*  These  features  are  suggested  by  the  mechanisms  of  stress  corrosion  found  in  monolithic  ceramics19. 
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Gt  is  the  stress  (applied  plus  residual), 


ot  =  0  +  q  E/Em  W 

with  q  being  the  residual  axial  stress  in  the  matrix;  and  %  characterizes  the  elastic 
properties. 

p  _  (i-02e£, 

f2EE,(l-v2)  (5) 

The  expressions  (1)  and  (2)  are  accurate  to  within  5%  over  the  range 
0  £  2^  OR/Ta  5  20  (Fig.  5)*  . 

For  subsequent  analysis,  Eqns.  (la)  and  (lb)  are  re-written  in  terms  of  two  fixed 
quantities,  independent  of  stress  and  crack  length.  The  first  is  the  steady  state  matrix 
cracking  stress  in  the  absence  of  residual  stress,  G0.  This  stress  is  obtained  by  setting  (/tip 
equal  to  the  composite  toughness. 


r  =  rmu-f) 


(6) 


with  Tm  being  the  matrix  toughness,  whereupon9'*1 


<>o 


6E(  f2  E2  lTm 

E^(l-f)R  J 


H 


(7) 


t  Note  that  the  result  of  Eqn.  (la)  corresponds  to  the  short  crack  regime  wherein  the  tip  energy  release 
rate  increases  with  crack  length.  In  contrast,  the  result  of  Eqn.  (lb)  corresponds  to  the  steady-state 
regime  wherein  (ftip  is  independent  of  crack  length. 


This  is  the  stress  required  to  propagate  a  steady-state  crack  under  monotonic  tensile 
loading  (in  the  absence  of  sub-critical  behavior).  The  other  quantity  is  the  crack  length, 
a0,  at  which  steady  state  conditions  are  attained  at  G  -  G0-  This  length  is  obtained  by 
equating  the  expressions  for  in  Eqns.  (la)  and  (lb),  yielding 

25R(o0+qE/Em) 

°  Y  *  (8) 


Upon  combining  Eqns.  (7)  and  (8)  with  Eqns.  (1)  and  (2),  the  final  results  are: 


£tip 


_a 

Vao  J 


±_  <  £l 

ao  &0 


(9a) 


and 


£tip 


rm(i-f) 


M 

3 

A>2l‘ 

— l 

o 

G 

o 
(S 
_ 1 

(9b) 


The  predicted  trends  in  energy  release  rate,  £tip/rm  (1-0,  with  crack  length, 
a/aQ,  for  various  values  of  stress,  Gt/G0,  are  presented  in  Fig.  6.  Also  shown  by  the 
dashed  line  is  the  boundary  between  the  short  crack  and  long  crack  regimes.  These 
results  predict  three  types  of  behavior,  depending  on  the  level  of  stress,  (i)  When 
Gt  =  00,  the  energy  release  rate  initially  increases  with  crack  length,  but  reaches  a  steady 
state  value  equivalent  to  the  composite  toughness  (Tm  (1-0)  at  a  crack  length  a  =  ao. 
(ii)  When  G t  >  G0,  the  energy  release  rate  reaches  the  toughness  at  a  crack  length, 
a/aQ  =  (G/G0)*8.  Crack  growth  beyond  this  point  occurs  subject  to  a  constant  energy 
release  rate,  equivalent  to  the  toughness.  The  steady  state  conditions  predicted  by 
Eqn.  (9b)  are  never  attained,  (iii)  When  G(  <  o0,  the  energy  release  rate  reaches  its 
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steady-state  value,  (at/G0)3,  at  a  crack  length,  a/ao  =  0/00-  In  this  regime,  the  energy 
release  rate  never  reaches  the  toughness.  Consequently,  the  cracks  extend  only  under 
sub-critical  conditions. 

When  multiple  matrix  cracks  occur  and  interact,  an  important  quantity  in  the 
mechanics  is  the  slip  length,  d,  between  matrix  and  fiber,  given  by9'12, 

d/R  =  2E/t/(o  +  qE/Em)Em(l-/)  (10) 


When  the  slip  zones  between  neighboring  cracks  overlap,  £tip  for  long  cracks  falls 
below  the  steady  state  value,  Q0,  for  a  single,  isolated  crack,  given  by 


(o  +  qE/Em)3  E^(1-/);R 
6xf2Ef E2 


(11) 


The  relationship  between  £tip  and  Q0  is  dictated  by  the  spacing,  l,  between  neighboring 
cracks  relative  to  d12,  and  ceu  be  expressed  as 


(12a) 


(12b) 


(12c) 
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Once  again  it  is  convenient  to  re-express  these  results  in  terms  of  two  fixed  quantities: 
the  steady  state  matrix  cracking  stress,  G0  (defined  in  Eqn.  7),  and  the  slip  length,  do,  at 
G  =  G0: 


d  /R  =  /) 

0  2E/x 


(13) 


Combining  Eqn.  (9)  with  (4)  and  (10)  yields  the  results 
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The  predicted  trends  in  energy  release  rate,  £tip/rm  (1-0,  with  crack  spacing,  t/d0,  for 
several  values  of  stress,  Gt/G0,  are  shown  in  Fig.  7.  These  results  also  predict  three 
types  of  behavior,  depending  on  the  level  of  stress,  (i)  When  Gt  <  G0,  the  energy 
release  rate  is  independent  of  spacing,  provided  that  t/dQ  >  2  Ot/00.  In  this  regime, 
the  slip  lengths  of  adjacent  crack  do  no  overlap.  When  the  crack  spacing  is  in  the  range, 
<V G0  £  //dG  <,  2  G*/ G0,  the  energy  release  rate  decreases  with  decreasing  l  at  a  rate 
that  depends  on  the  stress.  Once  the  crack  spacing  reaches  //dQ  5  Gt/G0,  the  energy 
release  rate  decreases  with  decreasing  t  at  a  rate  independent  of  stress,  (ii)  When  the 
stress  is  in  the  range,  1  <>  Gj/ G0  £  21  /3,  the  crack  spacing  immediately  drops  to 
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Further  reductions  in  spacing  lead  to  a  decrease  in  £tip,  first  at  a  rate  dependent  on 
stress  (over  the  range  Gt/G0  -  l/d0  £  2  Gt/G0),  then  at  rate  independent  of  stress 
(over  the  range  0  <.  i/d0  £  G{/G0)-  (iii)  Finally,  when  the  stress  Gi/G0  £  21/3,  the 
crack  spacing  diminishes  to  l/dQ  =  21/3.  Further  reductions  in  crack  spacing  lead  to  a 
drop  in  independent  of  stress. 


4.2  Crack  Growth 

The  preceding  energy  release  rates  £tip  can  be  used  in  conjunction  with  a  crack 
growth  criterion  to  predict  crack  evolution.  As  noted  above,  stress  corrosion  is 
considered  to  be  the  mechanism  that  causes  time-dependent  matrix  cracking. 
Consequently,  crack  growth  can  be  described  by  the  commonly-used  power  law, 

—  =  a0(^tip/^m)  s  (*7tip  /^m  (l-  0)  06) 


where  a<>  is  a  reference  velocity,  n  is  the  power  law  exponent  and  Km  is  the  critical  stress 
intensity  factor  for  the  matrix.  For  aluminosilicate  glass  ceramics'3,  stress  corrosion  is 
caused  by  moisture  and  the  power  law  exponent  is,  n  *  50. 

To  provide  a  basis  for  further  modeling,  it  is  instructive  to  re-state  the  key 
experimental  observations.  The  process  of  crack  evolution  exhibits  three  regimes,  (i)  At 
low  stresses  and  small  crack  densities  (Type  I),  damage  evolution  is  governed  by  short, 
non-interacting  cracks,  with  £tip  given  by  Eqn.  (9).  In  this  regime,  because  n  is  large, 
the  behavior  is  dominated  by  stress  corrosion  occurring  when  the  cracks  are  sr  ..ill  and 
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invisible,  (ii)  At  either  high  stresses  or  long  times  (Type  II),  multiple  cracks  are  already 
present,  and  further  crack  growth  occurs  under  steady-state  conditions  (independent  of 
crack  length),  with  (nip  given  by  Eqn.  (14).  Then,  the  new  cracks  should  be  continually 
visible  and  grow  at  a  discernible,  near-constant  velocity  across  the  specimen,  (iii)  An 
intermediate  regime  must  exist  which  combines  features  of  type  I  and  II  behaviors.  The 
behavior  in  this  regime  is  inherently  difficult  to  analyze  and  is  not  considered  in  this 
study.  Instead,  interpolation  between  type  I  and  type  II  could  be  used. 

4.2.1  Short  Cracks  (TypeA) 

For  short,  non-interacting  cracks,  the  time  tj  required  to  grow  a  matrix  crack  of 
initial  length  a\  is  evaluated  by  integrating  the  growth  law  (Eqn.  (16))  between 
appropriate  limits,  yielding  the  result 


(17) 


where  af  is  an  upper  limit  on  the  crack  length,  described  below.  Two  cases  are 
considered,  defined  by  the  level  of  stress.  In  the  first,  O\/O0  £  1.  In  this  regime,  the 
appropriate  upper  limit  on  the  integral  is  the  crack  length  at  which  t^ip  reaches  the 
composite  toughness.  Beyond  this  point,  the  crack  grows  catastrophically.  As  noted 
earlier,  this  limit  is,  af/aQ  =  (<J/<J0)'8.  Combining  this  result  with  Eqns.  (9a)  and  (17) 
gives 
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For  the  material  of  present  interest,  n  is  large  and  thus  (0/00)'fi<1'n/6)  <<  (a,/ao)(1'n/6>- 
Consequently,  Eqn.  (18)  reduces  to 
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The  second  regime  is  defined  by  <5/C0  <  1.  In  this  case,  £tip  initially  increases 
with  crack  length  according  to  Eqn.  (6),  but  then  reaches  a  steady  state  level  given  by 
Eqn.  (9b),  at  a  crack  length  a/ao  =  G/G0-  It  is  therefore  convenient  to  separate  the 
integral  in  Eqn.  (15)  into  two  parts.  One  is  for  condition  wherein  increases  with  a, 
and  the  other  for  (nip  independent  of  a.  The  result  is 


where  af  is  on  the  order  of  the  specimen  width. 

Once  again,  because  n  is  large,  (a/ C7o)(1'n//6)  «  (aj/ao)(1*n/6).  Furthermore,  the 
experimental  observations  suggest  that,  once  steady  state  conditions  have  been  attained, 
the  time  required  to  grow  the  crack  across  the  specimen  width  is  relatively  small.  As  a 
result,  the  last  term  in  Eqn.  (20)  is  neglected.  With  these  approximations,  Eqn.  (20) 
reduces  to 
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which  is  equivalent  to  the  result  in  Eqn.  (19).  Consequently,  the  distinction  between  the 
two  regimes  is  neglected  in  the  subsequent  analysis. 

A  representation  for  the  matrix  flaw  distribution  is  now  needed  in  order  to 
predict  damage  evolution.  For  this  purpose,  an  extreme  value  matrix  flaw  size 
distribution  is  assumed,  given  by 
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where  F  is  the  fraction  of  flaws  having  size  greater  than  a*  in  a  volume  V,  a  is  the  shape 
parameter,  and  a*  and  V*  are  scale  parameters.  Consequently,  if  T|v  is  the  total  number 
of  flaws  per  unit  volume,  the  number  TJ  having  size  a  £  &\  is 
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Assuming  that  only  the  largest  flaws  in  the  distribution  evolve  into  visible  matrix  cracks, 
Eqn.  (23)  reduces  to 

>1  -  ’1,(V/V.)(a./ai)a  (24) 


Combining  this  distribution  with  Eqn.  (21)  gives  the  number  of  flaws,  T)s,  that  have 
developed  into  steady  state  cracks  within  a  time,  t: 
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(25) 


where 

8na 

n  -  6 r  (26a) 


and 


(26b) 


while  X  contains  all  of  the  parameters  characterizing  the  flaw  distribution. 
Furthermore,  the  linear  density  of  cracks  p  measured  parallel  to  the  tensile  axis,  is 
related  to  7]s  through 


P  =  A  X\s 


(27) 


where  A  is  the  cross-sectional  area  of  the  composite. 

Equations  (25)  and  (27)  suggest  that  the  evolution  of  crack  density  can  be 
described  by  a  generic  law  of  the  form 

p  =  X'tyOx  (28) 


where  X'  embodies  all  the  relevant  material  properties.  However,  many  of  the 
properties  contributing  to  X'  are  poorly  characterized.  Consequently,  it  is  expedient  to 
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use  Eqn.  (28)  to  fit  data  at  one  stress  level  and  then  predict  crack  growth  rates  at  other 
stress  levels. 

4.2.2  Long  Cracks 

The  evolution  of  crack  density  in  the  regime  characterized  by  high  stresses  and 
high  crack  densities  has  been  computed  in  a  similar  fashion.  In  this  case,  the  governing 
relations  for  £tip  are  given  by  Eqn.  (14).  Since  the  energy  release  rates  are  crack  length 
independent,  the  crack  density  is  computed  by  combining  Eqn.  (14)  with  Eqn.  (16)  and 
numerically  integrating.  Some  predicted  changes  in  crack  density  with  time  for  a  range 
of  stresses  are  plotted  on  Fig.  8.  In  general,  interpolation  between  these  curves  and  the 
short  crack  results  is  needed  to  establish  the  overall  behavior.  An  approach  for  such 
interpolation  has  not  yet  been  established.  However,  it  is  important  to  note  that, 
regardless  of  the  initial  state,  the  crack  density  eventually  evolves  with  time  in  a  manner 
independent  of  stress.  This  behavior  arises  because  the  strain  energy  release  rates  for 
multiple  cracks  converge  to  a  single  curve  at  high  crack  densities  (Fig.  7),  corresponding 
to  the  regime  of  closely-spaced  cracks  where  Eqn.  (14c)  operates. 

4.3.  Comparison  with  Experiment 

The  approach  used  to  compare  experiment  to  theory  involved  two  steps,  (i)  One 
set  of  experimental  results  was  fitted  to  the  model,  in  order  to  evaluate  the  unknown 
constants,  (ii)  By  using  the  same  constants  the  model  was  used  to  predict  the  behavior  for 
other  testing  conditions.  Comparisons  of  the  constants  inferred  in  this  manner  with 
values  expected  from  corresponding  phenomena  occurring  in  monolithic  material 
assess  the  consistency  of  the  models.  This  procedure  was  applied  separately  to  the  low 
and  high  stress  regimes. 
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The  model  was  used  to  examine  the  data  shown  in  Fig.  3(a).  In  the  low  stress 
regime  (Type  I),  Eqn.  (28)  was  fitted  to  the  data  at  120  MPa,  using  a  stress  corrosion 
exponent,  n  =  5018  (Fig.  9).  The  best  fit  line  corresponds  to  a  value  of  the  shape 
parameter,  a  =  1.5.  The  value  of  CL  inferred  from  this  comparison  corresponds  to  a 
Weibull  modulus*,  m  =  3.  Values  in  this  range  are  reasonable  for  ceramic  matrix 
composites.  Using  the  same  constants,  the  model  was  used  to  predict  the  crack  densities 
at  other  stress  levels  (Fig.  9).  Evidently,  the  model  predictions  are  in  reasonable 
agreement  with  the  experimental  results  for  stresses  C  <  150  MPa  and  for  crack  densities 
p  <  6  mm.  This  model  thus  appears  to  provide  a  satisfactory  description  of  damage 
evolution  at  low  stresses  and  low  crack  densities. 

The  model  predictions  for  type  II  behavior  at  high  stresses  and  high  crack 
densities  was  assessed  by  using  the  same  stress  corrosion  exponent  (n  =  50).  The  curves 
were  fitted  to  the  measured  crack  density  at  250  MPa  after  10  s  (9.7/mm),  and  then  used 
to  predict  the  behavior  at  other  stresses  and  times.  These  predictions  appear  to  be 
consistent  with  the  data  at  stresses  <5  2:  180  MPa  at  crack  densities  p  >  8/mm. 


5.  CONCLUDING  REMARKS 

Matrix  cracks  have  been  shown  to  develop  in  a  time-dependent  manner  in  a 
unidirectional  Nicalon  fiber/CAS  matrix  composite.  The  phenomenon  has  been 
rationalized  by  a  stress  corrosion  mechanism  operating  in  the  matrix.  This  process 
results  in  crack  growth  at  stresses  below  that  found  in  short  duration  monotonic  tests. 
Furthermore,  for  most  stress  levels,  the  crack  density  ultimately  evolves  with  time  in  a 
manner  independent  of  the  stress,  and  reaches  values  higher  than  those  found  in 


*The  shape  parameter,  a  on  flaw  size  (Eqn.  22)  is  half  that  for  the  tensile  strength,  via  the  Griffith 
relationship. 
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monotonic  tests.  Both  of  these  observations  have  implications  for  the  use  of  these 
materials  in  structural  applications.  The  behavior  of  the  composite  contrasts  with  that 
of  monolithic  ceramics  for  which  stress  corrosion  only  occurs  at  stresses  within  a  few 
percent  of  the  failure  stress.  It  is  anticipated  that  ceramic  matrix  composites  will  be 
subjected  to  localized  stresses  well  above  the  matrix  cracking  stress,  in  which  case  it  will 
prove  necessary  to  account  for  the  effect  of  stress  corrosion  in  the  design  process. 

A  fracture  mechanics  analysis  has  been  used  successfully  to  model  the 
development  of  multiple  matrix  cracks  with  time  and  applied  stress.  The  model  has 
been  developed  separately  for  the  regimes  dominated  by  either  non-interacting  short 
cracks  or  interacting  steady-state  cracks.  The  approach  is  consistent  with  existing 
models  for  matrix  cracking  under  monotonic  loading  conditions.  However,  a  method 
for  interpolating  between  the  two  regimes  has  yet  to  be  developed. 
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TABLE  I 

Properties  of  Unidirectional  CAS/SiC  Composite4'20 


Property 

Value 

Fiber  Radius,  R  (pm) 

7.5 

Fiber  Volume  Fraction,  f 

0.37* 

Matrix  Modulus,  Em  (GPa) 

97* 

Fiber  Modulus,  Ef  (GPa) 

200 

Thermal  Expansion  Coefficient  of  Matrix,  OCm  (K_1) 

5x10-6 

Thermal  Expansion  Coefficient  of  Fibers,  Otf  (K*1) 

4x10-6 

Sliding  Stress,  T  (MPa) 

10-30 

Residual  Stress,  q  (MPa) 

89 

Matrix  Fracture  Energy,  rm  (J/m2) 

25 

Matrix  Cracking  Stress,  G0  -  q  E/Em  (MPa) 

130-150 

Ultimate  Tensile  Strength,  Ou  (MPa) 

450 

Ultimate  Strain,  £u 

1.0% 

*  K.  Chyung,  Coming  Labs 


APPENDIX:  An  Assessment  of  the  Effect  of  Flexure 


During  flexural  loading  of  unidirectional  CMCs,  matrix  cracks  develop  along  the 
tensile  face  of  the  beam,  leading  to  non-linearity  in  the  stress-strain  response.  As  a 
result,  the  nominal  stress  calculated  from  Euler-Bemoulli  beam  theory,  assuming  the 
material  to  be  linear  elastic,  overestimates  the  true  stress  acting  along  the  tensile  face. 
The  following  analysis  provides  an  estimate  of  the  effects  of  such  non-linearity  on  the 
maximum  tensile  stress  in  a  flexural  beam,  both  at  the  onset  of  loading  and  after  an 
extended  period  under  load. 

The  initial  stress  distribution  (upon  loading)  is  calculated  assuming  that:  (i)  the 
compressive  stress-strain  response  of  the  composite  is  linear,  with  a  modulus  given  by 
the  rule  of  mixtures;  (ii)  the  tensile  response  is  that  measured  in  a  short-term  uniaxial 
tensile  test  (Fig.  Al),  and  (iii)  the  strain  distribution  across  the  beam  remains  linear.  The 
analysis  involves  two  steps.  In  the  first,  the  sum  of  the  forces  acting  parallel  to  the  fiber 
direction  is  set  equal  to  zero,  enforcing  static  equilibrium.  This  condition  can  be 
expressed  as 


-J°  Eede  +  JJT  oT(e)  de  =  0 


(Al) 


where  a 7  (£)  is  the  tensile  stress-strain  relation,  and  £c  and  £7  are  the  maximum 
compressive  and  tensile  strains,  respectively.  Solving  the  first  integral  in  (Al)  and 
re-arranging  gives 


ec 


2 

LE 


f 

Jo 


Oj 


(A2) 


This  equation  relates  £c  to  £7.  In  the  second  step,  the  applied  bending  moment,  M,  is 
equated  to  the  moment  supported  by  the  beam.  This  condition  can  be  written  as 
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M  = 


(eT_ec)" 


{j£°c  Ee(e~£c)de  +  Jo£T  aT(e)(e-ec)de 


where  B  is  the  beam  depth  and  D  the  height.  The  nominal  stress,  Onom,  calculated  on 
the  assumption  of  linear  elasticity,  is  related  to  M  through 

Cnom  =  6M/BD2.  (A4) 


Combining  Eqns.  (A3)  and  (A4)  leads  to  the  result 


2-[£ec  +  6|£t  aT(£)(e-ec)d£ 


(eT-ec) 


To  proceed  further,  an  expression  for  Ox  (E)  is  required.  For  this  purpose,  the 
measured  tensile  stress-strain  curve  is  fit  by  a  polynominal  of  the  form 

cT(e)  =  ae  +  be2  +  ce3  +  de4  (A6) 

where  the  coefficients  a,  b,  c  and  d  are 


=  1.4x105  MPa 
=  -1.12  xlO7  MPa 
=  -3.89  x  109  MPa 
=  5.51  xlO11  MPa 


This  polynominal  provides  a  good  description  of  the  experimental  curve  over  the 
relevant  range  of  stresses  (0  £  Oj  £  300  MPa),  as  shown  in  Fig.  Al. 
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Equations  (A2),  (A5)  and  (A6)  have  been  combined  to  determine  the  relation 
between  the  stress  Ct  on  the  tensile  face  and  the  nominal  applied  stress,  Onom.  The 
results  are  presented  in  Fig.  A2.  Below  the  first  matrix  cracking  stress  (150  MPa),  the 
two  quantities  are  equal,  since  the  composite  is  linear-elastic  in  both  tension  and 
compression.  At  higher  nominal  stresses,  the  true  stress  deviates  from  the  nominal 
value,  the  difference  increasing  with  increasing  Gnom.  At  the  highest  stress  used  in  the 
present  study  (Onom  =  250  MPa),  the  difference  is  ~11%. 

Under  sustained  loading,  additional  matrix  cracks  are  developed,  leading  to 
further  stress  re-distribution  across  the  beam.  A  rigorous  analysis  of  this  problem  is  not 
presently  feasible.  However,  it  is  instructive  to  consider  a  limiting  case  in  which  the 
stresses  in  the  matrix  on  the  tensile  side  of  the  beam  are  reduced  to  zero,  such  that  the 
fibers  support  all  the  stress.  In  this  case,  the  tensile  response  of  the  composite  can  be 
taken  to  be 


aT(e)  -  ETe  (A 7) 

where  Ej  is  an  effective  (reduced)  tensile  modulus.  A  conservative  estimate  of  Ej  is 
Ou/ Eu,  where  Gu  is  the  ultimate  tensile  strength  and  Eu  the  corresponding  tensile  strain. 
This  relation  is  plotted  as  the  dashed  line  in  Fig.  Al.  In  this  case,  Eqns.  (A2)  and  (A5) 
reduce  to  the  simple  analytical  result 

°T/°nom  =  (l  +  *\/gu  /E£u  )/2  (A8) 

Using  the  experimentally  measured  values  Gu  =  450  MPa  and  £u  =  1.0%  gives 
Gt/ Gn0m  =  0-80.  This  result  is  plotted  on  Fig.  A2.  At  most,  there  is  a  20%  reduction  in 
the  stress  below  the  elastic  value. 
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FIGURE  CAPTIONS 


Fig.  1  An  optical  micrograph  showing  matrix  cracks  in  the  CAS/SiC  composite 
following  a  short  duration,  monotonic  tensile  test.  The  arrow  labeled  "A” 
indicates  an  example  of  a  crack  that  had  bifurcated  and  arrested.  Arrow  "B" 
indicates  a  crack  that  arrested  as  it  approached  another  crack  on  nearly  the 
same  plane. 

Fig.  2  (a)  Micrograph  of  matrix  cracks  upon  initial  loading  of  a  flexure  specimen  to 

175  MPa.  (b)  Micrograph  of  the  same  region  after  3  days  at  the  same  level  of 
stress.  Note  the  additional  growth  of  matrix  cracks  in  (b)  (indicated  by 
arrows). 

Fig.  3  Schematic  diagram  showing  the  type  of  cracks  observed  either  at  high  stress 
or  long  time,  and  the  expected  variation  in  energy  release  rate  as  the  cracks 
interact. 

Fig.  4  Evolution  of  crack  density  with  time  under  static  load:  (a)  flexure  tests, 
(b)  uniaxial  tension  tests.  For  comparison,  the  results  of  (b)  have  been 
superimposed  onto  (a)  using  dashed  lines. 

Fig.  5  Trends  in  crack  tip  energy  release  rate  with  crack  length  (adapted  from  [13]). 

Fig.  6  Variation  in  energy  release  rate  for  single,  isolated  crack  with  crack  length. 

Fig.  7  Effects  of  crack  spacing  and  stress  on  the  steady  state  energy  release  rate. 

Fig.  8  Predicted  trends  in  crack  density  evolution,  assuming  existing  long 
(steady-state)  cracks  based  on  Eqn.  (9). 

Fig.  9  Comparison  of  damage  evolution  predictions  with  experimental 
measurements. 
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Fig.  A1  Tensile  stress-strain  response  of  the  CAS/SiC  composite. 

Fig.  A2  Variation  in  the  stress,  Oj,  acting  along  the  tensile  face  of  a  flexure  specimen 
with  the  nominal  stress,  Cnom- 
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TENSILE  AND  FLEXURAL  ULTIMATE  STRENGTH  OF 
FIBER-REINFORCED  CERAMIC-MATRIX  COMPOSITES 


Francois  HTLD  Jean-Marc  DOMERGUE 

Frederick  A.  LECKIE  A  ’thony  G.  EVANS 


Abstract:  A  constitutive  equation  has  been  derived  for  fiber  reinforced  ceramic-matrix 
composites,  based  on  fiber  breakage  and  distributed  fiber  pull-out.  Length 
dependent  and  length  independent  regimes,  governed  by  the  size  of  the 
specimen,  are  differentiated.  The  constitutive  equation  is  used  to  predict  the 
ultimate  strength  of  fiber  reinforced  ceramic-matrix  composites  subjected  to 
tensile  and  flexural  loadings. 
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1.  INTRODUCTION 


The  stress-strain  behavior  of  ceramic-matrix  composites  (CMCs)  is  non-linear, 
provided  that  the  interfaces  slide  with  low  shear  resistance,  t  .  The  loading  of  such 
composites  results  in  two  independent  damage  mechanisms:  fiber  failure  and  matrix 
cracking.  The  latter  results  in  a  diminished  secant  modulus!,  as  well  as  a  permanent 
strain,  £p  [Pryce  and  Smith;  Beyerle  el  al.].  Furthermore,  the  fibers  are  subject  to  global 
load  sharing,  whereby  the  load  transmitted  from  each  failed  fiber  is  shared  equally 
among  the  intact  fibers.  Some  aspects  of  the  associated  fiber  failure  stochastics  have 
already  been  addressed  [Curtin,  1991  a,  bj.  Two  key  parameters  have  been  identified: 

a)  a  characteristic  length 

6  =  [S.LSR/T]"  (1) 

where  m  is  the  shape  parameter,  SQ  is  a  stress  scale  parameter  and  L0  a  reference  length; 

b)  a  characteristic  strength 

s  r1  =  L0S0”t/R  (2' 

When  the  gauge  length  L,  is  large  compared  with  Sc,  the  fibers  are  capable  of  multiple 
failures  within  the  gauge  section.  Consequently,  the  ultimate  strength  Su  is  predicted  to 
be  gauge  length  independent,  and  given  by  [Curtin,  1991  a,  b], 

Su  =  /Sc[2/(rn  +  2)]V(m+1)[(m  +  l)/(m  +  2)]  (3) 

where  /  is  the  fiber  volume  fraction  along  the  loading  direction.  Validation  of  Eqn.  (3) 
has  been  provided  for  several  CMCs,  subject  to  global  load  sharing  (small  T  //  Sc) 
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[Heredia  et  al,  1991;  Beverle  et  al,  1991).  Deviation  from  Eqn.  (3)  would  be  expected 
both  for  short  gauge  lengths,  L<  8C,  and  when  the  stress  on  the  composites  is  non- 
uniform.  These  effects  are  analyzed  in  this  paper.  The  analytic  approach  has  the  same 
fundamental  features  established  by  others  [Curtin,  1991  a,  b].  However,  the  formulae 
are  rederived  to  enable  the  solution  to  be  presented  in  a  form  that  facilitates  analysis  of 
composite  failure  subject  to  complex  situations,  such  as  non-uniform  states  of  stress. 


2.  THE  BASIC  STOCHASTIC  MODEL 

A  composite  with  a  saturation  density  of  matrix  cracks  is  considered,  spacing  Lm, 
within  a  unit  cell  of  length  Lr  (Fig.  la).  The  length  Lr  is  the  recovery  length  and  refers  to 
the  longest  fiber  that  can  be  pulled  out  and  cause  a  reduction  in  the  load  carrying 
capacity.  The  recovery  length  is  thus  related  to  the  maximum  stress  in  the  fiber  by 

Lr  =  RT/x  (4) 

where  the  reference  stress  T  is  the  fiber  stress  in  the  plane  of  the  matrix  crack.  Generally, 
Lm  <<  Lr  and  the  stress  field  in  intact  fibers  have  the  form  illustrated  in  Fig.  lb. 
Consequently,  the  local  stress  in  the  fiber  [Cox,  1952;  Kelly,  1973]  is  (0  <  x  <  Lm/2): 

oF(T,x)  =  T  -  2tx/R  (5) 

If  the  fibers  exhibit  a  statistical  variation  of  strength  that  obeys  a  two-parameter  law 
[Weibull,  1939],  then  the  probability  that  a  fiber  would  break  anywhere  within  the 
characteristic  length  Lr  at  or  below  a  reference  stress  T  is  given  by 
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Pp(T)  =  1-exp 


r  i  n  qf(t,x) 

VLo/-l„/H 


dx 


(6) 


Consequently,  from  Eqns.  (5)  and  (6), 


Pf(T)  =  1-exp 


(m+l)L„ 


ff'H' 


RT 


m*] 


(7) 


Often,  T  Lm/RT  «  1,  so  that  Eqn.  (4)  can  be  simplified  to 


Pf(T)  s  1-exp 


f  x  \m+1 


VSc  J 


(8) 


The  cumulative  failure  probability  is  thus  independent  of  the  total  length  of  the 
composite. 

The  average  stress  o  applied  to  the  composite  is  related  to  the  reference  stress  T  by 


o  =  /T[l-PF(T)]  +  /cp(T)  (9) 

where  ap  (T)  denotes  that  component  of  the  stress  provided  by  failed  fibers  as  they  pull 
out  from  the  matrix.  For  global  load  sharing,  the  pull-out  stress  is  given  by 


(10) 


where  Ob  (O)  denotes  the  average  stress  at  x  =  0  when  a  fiber  breaks  at  location  x  =  t, 
and  at  the  reference  stress  level  O 
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(11) 


UP 

o„(o)  =  Job(t)/(t,o)dt 

"UP 

where  /(t,  G)  is  the  probability  density  of  failure  locations.  When  the  load  is  assumed  to 
be  constant  over  the  entire  recovery  length,  fit,  C)  -  1  /Lr,  the  average  pull-out  stress 
(at  reference  stress  G)  reduces  to 


°b(<*)  = 


(12) 


For  t  <  0 

ob(t)  =  -  2tt/R 

and  for  t  >  0 

ab(t)  =  2tt/R 

Provided  that  the  composite  length  L  >  Lr,  the  average  pull-out  stress,  at  reference 
stress  level  G,  is 

ob(<r)  =  a/2  (13) 


Then,  the  external  stress  takes  the  form 
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/T[l-PF(T)]+£s-y 


m  +  2 

t  r’l 

m  +  1  ' 

>| 

1 _ 

where  y  [. ; .]  represents  the  incomplete  gamma  function. 

If  pull-out  were  neglected,  the  following  formulae  would  apply, 

o  =  /T  [l-PF(T)] 


and 


1  -  PF(T)  (16) 

This  latter  expression  is  analogous  to  the  concept  of  effective  stress  in  the  framework  of 
Continuum  Damage  Mechanics  [Kachanov,  1958;  Rabotnov,  1963;  Lemaitre  and 
Chaboche,  1990],  when  the  damage  variable,  D,  is  described  as  the  percentage  of  broken 
fibers  [Krajcinovic  and  Silva,  1982;  Hult  and  Travnicek,  1983;  Hild  et  al.,  1991]  in  a  cell 
of  length  Lr. 

The  ultimate  tensile  strength  of  the  composite  is  defined  by  the  condition 


da/de  =  0 


or 

do/dT  =  0  (17) 

because  the  reference  stress  T  is  proportional  to  the  average  strain  on  the  composite 
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'm  / 

I 


o 


Pf(T,x) 

E  / 


dx 


T/E, 


(18) 


where  E /  denotes  the  Young's  modulus  of  the  unbroken  fibers.  The  ultimate  strength 
arises  when 


JT 

Sc 


m  + 1 


(19) 


at  a  recovery  length 


Er 


f  2 


m  + 1 


(20) 


Since,  8C  =  Lo(So/Sc)m,  the  number  of  defects  N  which  cause  failure  at  a  stress,  T  =  Sc, 
in  a  fiber  of  length  5C  is  given  by  [Curtin,  1991a,  b] 


N 


L 

Eq 


r 


i 


(21) 


Consequently,  the  ultimate  tensile  strength  becomes 


S 


u 


/Sc 


m  +  1 


V(m+1) 


exp 


2  ] 

.1 

m  +  2  m  +  2 

m  + 1/ 

m+11  m  + 1 

L  J 

(22) 
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The  ultimate  tensile  strength  is  independent  of  the  total  length  of  the  composite  [Curtin, 
1991a,  b],  and  the  relevant  scaling  stress  is  the  characteristic  stress  S  .  Equation  (22)  can 
be  rewritten  using  a  series  expansion 

Su  =  /ScF(m)  (23) 


where 


F(m) 


f  2 
vm  +  ly 


1  +  1 


n2:I 


1 2L 

n! 


2  +  n(m  +  l)  2n_1 
ll-f-n(m+l)  (m  +  l)r 


The  function  F  increases  as  m  increases  (Fig.  2a)  and  tends  asymptotically  to  unity. 
However,  the  ultimate  tensile  strength  when  normalized  by  explicit  fiber  properties 
decreases*  as  m  increases  (Fig.  2b).  Consequently,  a  larger  scatter  leads  to  higher 
ultimate  tensile  strength.  An  approximate  expression  for  the  ultimate  tensile  strength 
can  be  obtained  by  reducing  the  function  F  to  its  first  order  (n  =  1): 


S 


U 


/  sc 


2 

m2  +  2m  - 1 

m  + 1 

(m  +  2)(m  +  1) 

(24) 


This  result  has  essentially  the  same  dependence  on  m  as  Eqn.  (3),  which  was  also 
derived  by  using  an  approximation  [Curtin,  1991]. 

From  a  continuum  damage  mechanics  perspective,  it  is  useful  to  relate  the  average 
stress  O  and  strain  £ ,  given  by: 


*  In  the  two  figures,  the  values  taken  for  the  materia]  parameters  are  those  used  by  Jansson  and  Leckie 
[19911. 
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o  =  /EFe[l  -  PF(EFe)]  +  f~y 


m  +  2 
m  + 1 ' 


M 

V°c  / 


vm+l 


(25a) 


or 


o//S,  =  (E,e/St) 


l  +  Y  tit  iiifeLtii  (E,  e/s,)’'"'*'’ 

"  2n!  l  +  n(m  + 1)  ^  r  ' 


nil 


(25b) 


In  general,  thermal  residual  stresses  due  to  processing  cause  an  additional  contribution 
to  the  strain  associated  with  the  displacements  that  arise  upon  matrix  cracking  (Pryce 
and  Smith,  Beyerle  et  al). 

The  preceding  basic  results  will  now  be  used  to  derive  solutions  for  two  new 
problems:  i)  short  specimens  with  L  <  Lr  and  ii)  flexural  loading. 


3.  SHORT  SPECIMENS 
3.1  Stochastic  Solutions 

When  the  recovery  length  Lr  becomes  greater  than  the  total  length  of  the  composite 
L,  the  previous  results  no  longer  apply,  and  the  cumulative  failure  probability  becomes 
length  dependent, 


PF(T)  =  1-exp 


(  t  V" 


vsoy 


The  corresponding  average  pull-out  stress  at  stress  level  T  is  given  by 


(26) 
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cb  =  tL/2R 


The  external  stress  takes  the  form 


5  =  /T[l  -  Pf(T)]  + 


m  +  2 
m  + 1  ‘ 


A; 


+  /ot 


(27) 


(28a) 


where  the  stress  a  corresponds  to  the  revised  contribution  from  pull-out 


.  tL 

fi] 

m+1 " 

L 

(  T  ' 

o  =  - 

p  2R 

exp 

kJ 

-  exp 

.  L° 

A> 

(28b) 


The  external  stress  is  now  explicitly  dependent  upon  the  total  length  of  the  composite,  L. 
The  ultimate  tensile  strength  is  solution  of  the  following  equation. 


1  -  m 


t  f  t  ^ 


Sc 


m 


'L' 

A/ 


\m-1 


—  =  0 

vSj 


(29) 


A  closed  form  solution  for  Eqn.  (29)  does  not  exist,  but  a  typical  result  is  plotted  on 
Fig.  4.  When  L  =  Lr,  the  solution  is 


^  T  ^ 
a  j 


2  \l/(m+l) 


m . 


such  that 


(30) 


v 


5c 


r  2  y/(m+i) 

,m) 


(31) 
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Furthermore,  as  L  — >  0,  Su  tends  to  the  ultimate  tensile  strength  obtained  by  neglecting 
the  contribution  associated  with  distributed  fiber  pull-out  (Fig.  3), 


SU(L)  =  /S0 


l^mL 


\Vm 


f 

exp 

V 


sb 


(32) 


where  Sb  denotes  the  classical  fiber  bundle  strength.  Ln  this  case,  the  length  dependence 
has  the  desired  form  for  a  fiber  bundle.  Similar  results  have  been  independently  derived 
by  Curtin  [1992]. 

The  solutions  for  short  and  long  gauge  lengths  intersect  in  the  region  where 


m  +  1 


1/(m+l) 


<  L  < 


«c 


2  \V(m+1) 

mj 


(33) 


The  length  at  the  intersection  is  a  transition  length,  L’  (Su  is  length  dependent  when 
L  <  L*  and  length  independent  when  L  >  L*).  In  terms  of  normalized  quantities  (L/5C 
and  T/Sc),  L*  only  depends  on  m  (Fig.  4):  Note  how  the  actual  intersection  L’/Sc 
compares  with  the  two  bounds  given  in  Eqn.  (33). 

3.2  Comparison  with  Experiment 

Comparison  of  the  above  stochastics  will  be  made  with  three  different  experimental 
results  for  CMCs.  i)  Experiments  on  LAS  matrix  composites  reinforced  by  SiC  (Nicalon) 
fibers  provide  the  general  information  summarized  on  Table  I  [Prewo,  1986].  For  each 
specimen,  the  transition  length  L*  is  small  (<  3L),  suggesting  use  of  the  gauge  length 
independent  solution.  The  corresponding  predictions  are  given  on  Table  I.  It  is  apparent 
that  the  agreement  between  experiment  and  prediction  is  quite  good,  especially  for 
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X  =  3  MPa.  ii)  Experiments  performed  on  two  carbon  matrix  composites  (material  A 
and  C)  reinforced  by  SiC  (Nicaion)  fibers  (Heredia  et  al.,  199]])  are  summarized  in 
Table  0.  Again,  the  predictions  agree  well  with  experiments,  iii)  Experiment  on  a  CAS 
matrix  reinforced  lv  SiC  (Nicaion)  fibers  provide  the  data  summarized  in  Table  III 
[Beyerle  et  al  ,  C/9 1].  Corresponding  to  these  experimental  data,  the  transition  length, 
L*  (0.85  mm)  is  again  small  compared  with  the  total  length  of  the  composite.  In  this 
case,  the  predicted  ultimate  tensile  strength  Su  =  485  MPa,  is  somewhat  larger  than  the 
measured  value,  Su  =  430  MPa.  The  discrepancy  is  not  understood. 


4.  THE  FLEXURAL  STRENGTH 

Expressions  for  the  flexural  strength  are  derived  from  the  regime  where  there  is  no 
length  dependence.  The  tensile  side  of  the  specimen  is  considered  to  have  a  stress /strain 
curve  represented  by  Eqn.  (25).  Consequently,  strains  associated  with  matrix  cracking 
are  neglected.  On  the  compressive  side,  it  is  assumed  that  the  behavior  is  elastic  and 
characterized  by  the  Young's  modulus  of  the  composite!.  The  strain  is  given  by 
[Timoshenko  and  Goodier,  19703 

E  =  (34) 


where  (^denotes  the  curvature,  and  z  the  height  ordinate  (Fig.  5).  Consequently,  from 
Eqn.  (25), 


1 


Z 


i+S 

nil 


(-1)" 

2n! 


2  +  n(m  +  1)  zn(o,*l) 

1  +  n(m  +  l) 


(35) 


where 
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Z  =  E/RZ/Sc;  I  =  c//Sc 


Force  balance  dictates  the  position  of  the  neutral  axis,  h,  (Fig.  5),  such  that 


h,/h 


1  + 


lg(m) 


(36) 


where 


g(m) 


i+I 

n2l 


til 

n! 


1 

1  +  n(m  + 1) 


[2/(m  +  l)f 


and  D]  is  a  damage  variable  reflecting  the  difference  in  Young's  modulus  in  tension  and 
compression 

Dt  =  1-/E//E  (37) 

The  flexural  strength  is  derived  by  evaluating  the  stress  at  the  tensile  surface  and 
equating  to  Eqn.  (23)  to  give 

Su  =  /ScH(m,D])  (38) 


where 


H(m,D,) 


■\l/(m+l) 


m  + 1 


1  -  Di 


fe-’l +G(m) 


KJS-Evans-26»Tw-Z»TA-Unf  Eq  92/03/03*1128  AM  *4/28/92 


14 


and 


G(m) 


2  +  n 

(m  + 1) 

^n- 1 

1  +  n(m  +  l)j 

3  +  n(m  +  l) 

(m  +  l)n 

The  flexural  strength  again  scales  with  the  characteristic  strength,  S  ,  and  the  fiber 
volume  fraction  /,  because  the  length  independent  failure  regime  is  assumed  to  operate 
in  the  tensile  part  of  the  beam.  However,  for  short  specimens,  shear  failure  is  more 
likely  than  tensile  failure  and  the  present  analysis  is  not  valid. 

The  flexural  strength  is  also  explicitly  dependent  upon  the  damage  variable,  Dj,  and 
the  Weibull  modulus,  m  (Fig.  6).  As  m  — >  the  ratio  of  the  flexural  strength  to  the 
ultimate  tensile  strength  tends  to  the  Young's  modulus  difference  between  tension  and 
compression,  2/(1  +  Vl  -  Di  )•  As  also  evident  in  tension,  the  higher  the  scatter  in  fiber 
failure  strength,  the  higher  the  normalized  flexural  strength.  Furthermore,  the  higher 
the  damage  variable,  D|,  (i.e.,  the  lower  the  ratio  of  the  Young's  modulus  in  tension  to 
that  in  compression),  the  higher  the  normalized  flexural  strength. 

Flexural  results  for  the  same  materials  described  above,  summarized  in  Table  IV, 
indicate  reasonable  agreement  between  experimental  and  predicted  values.  However, 
the  SiC/CAS  composite  failed  in  shear.  Apparently,  tensile  failure  would  have  occurred 
at  similar  stress  if  a  longer  specimen  had  been  used.  The  relatively  low  flexural  strength 
predicted  in  the  case  of  the  SiC/C  (C)  composite  is  consistent  with  a  similar 
underestimation  of  the  ultimate  tensile  strength.  Indeed,  by  using  the  experimental  value 
of  the  ultimate  tensile  strength,  the  predicted  flexural  strength  (430  MPa)  is  much  closer 
to  the  experimental  value. 
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5.  CONCLUDING  REMARKS 


Expressions  for  the  ultimate  strength  in  tension  and  flexure  have  been  derived  in  the 
framework  of  global  load  sharing  and  single  fiber  pull-out,  in  terms  of  the  two  main 
characterizing  parameters  Sc  and  S  .  A  characteristic  length,  Sc,  provides  a  dimension 
that  differentiates  long  and  short  specimens  and  establishes  two  different  regimes:  A 
length  dependent  ultimate  strength  for  short  specimens  (L<  8C)  and  a  length 
independent  ultimate  strength  for  long  specimens  (L  >8C).  The  characteristic  strength, 
Sc,  allows  scaling  of  the  ultimate  tensile  strength  and  flexural  strength,  provided  that 
the  specimens  are  long.  For  short  specimens,  the  bundle  strength,  gives  a  good 
measure  of  the  ultimate  tensile  strength,  independently  of  the  interfadal  shear  stress  T. 
The  Weibull  modulus,  m,  gives  a  measure  of  the  fraction  D  of  broken  fibers  in  an 
elementary  cell  at  the  ultimate:  for  large  specimens  D  =  1  -  exp[2/(m  +  1)]  . 
Furthermore,  the  associated  scatter  enhances  the  ultimate  strength  of  the  composite. 

In  flexure,  a  parameter,  Dj,  has  been  defined  that  measures  the  loss  of  stiffness  of  the 
tensile  side.  This  effect,  coupled  with  the  degradation  associated  with  fiber  breakage 
and  pull-out,  causes  the  normalized  flexural  strength  to  increase.  Beyond  the  ultimate,  a 
new  phenomenon  takes  place:  localized  fiber  pull-out,  wherein  one  matrix  crack 
becomes  predominant.  At  this  stage,  there  is  a  loss  of  uniqueness  and  localization  may 
occur  [Hild  et  al.,  1991]  accompanied  by  a  substantial  load  drop. 
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TABLE  1 

Results  and  Predictions  For  LAS  Matrix  Composite 

X  =  2-3  MPa  R  =  8  |!m 

L  =  25  mm  Lq  =  25  mm 


EXPERIMENTAL  RESULTS 


Sample  # 

f 

m 

S0  (MPa) 

Su(MPa) 

2369  (p) 

0.46 

3.8 

1740 

758 

2369(c) 

0.46 

2.7 

1740 

664 

2376  (p) 

0.44 

3.9 

1615 

670 

2376  (c) 

0.44 

3.1 

1632 

680 

PREDICTIONS 


Sample  # 

L*  (mm) 

L*  (mm) 

Su  (MPa) 

Su  (MPa) 

(X  =  2  MPa) 

(X  =  3  MPa) 

(X  =  2  MPa) 

(X  =  3  MPa) 

2369  (p) 

7.8 

5.6 

695 

755 

2369(c) 

8.7 

6.5 

710 

792 

2376  (p) 

7.3 

5.3 

625 

680 

2376  (c) 

7.8 

5.7 

635 

700 
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TABLE  II 


Results  and  Predictions  For  Carbon-Matrix  Composites 

EXPERIMENTAL  RESULTS 


L  «  25  mm  Lq  =  2 5  mm  R  =  6.5  flm 


Material 

r 

S0  (MPa) 

m 

T 

Su  (MPa) 

A 

0.2 

1165 

4.5 

10 

290 

C 

0.2 

1140 

4.5 

14 

345 

PREDICTIONS 


Material 

L*  (mm) 

Su  (MPa) 

A 

1.43 

300 

C 

1.08 

315 

*  This  volume  fraction  corresponds  to  the  fiber  volume  fraction  in  the  longitudinal  direction. 
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TABLE  III 

Experimental  Results  For  CAS  Matrix  Composite 


So  = 

1050  MPa 

Lo  =  10  mm 

m  = 

:  3.6 

T  = 

15  MPa 

R  =  7.5  Jim 

/  = 

0.37 

L  =  10  mm 

Su  =  430  MPa 
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TABLE  IV 

Flexural  Experiments  and  Predictions 


Material 

S„  (MPa) 

Experiment 

Prediction 

SiC/CAS 

620 

635 

SiC/LAS 

1050 

1080 

SiC/C  (A) 

435 

435 

SiC/C  (C) 

455 

395 
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FIGURE  CAPTIONS 


Fig.  1.  a)  Depiction  of  the  recovery  length  Lr  when  the  density  of  matrix  cracks 
reaches  saturation. 

b)  Fiber  stress  field  Gf(T  x)  along  a  length  Lr  for  a  reference  stress,  T,  when 
the  fibers  are  intact. 

c)  Stress  in  the  fiber  when  the  fiber  fails.  Also  shown  is  a  visualization  of  the 
pull-out  stress  Gb  when  the  matrix  crack  is  located  at  x  =  0  and  fibers 
break  at  different  locations  t. 


Fig.  2.  a)  Non-dimensional  ultimate  strength,  F,  as  a  function  of  Weibull 
modulus  m. 

b)  Ultimate  tensile  strength  Su,  normalized  by  /  So,  as  a  function  of  Weibull 
modulus  [when  S o  =  1500  MPa,  1=5  MPa,  and  Lq  =  25  mm]. 


Fig.  3.  Ultimate  tensile  strength  as  a  function  of  the  normalized  total  length  of  the 
composite.  A  comparison  is  made  with  a  fiber  bundle  prediction. 

Fig.  4.  Comparison  between  the  upper  and  lower  bounds  for  the  transition  between 
short  and  long  specimen  behaviors  with  the  actual  intersection  point,  as  a 
function  of  the  Weibull  modulus  m. 


Fig.  5.  Definition  of  the  beam  geometry  in  the  case  of  flexure. 

Fig.  6.  Normalized  flexural  strength  against  Weibull  modulus  m,  for  three  different 
values  of  the  parameter  Dj  (0.1,  0.2  and  0.3). 
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ABSTRACT 


The  fracture  characteristics  of  an  AI2O3/AI  composite  are  examined.  Measurements 
of  resistance  curves  and  work  of  rupture  are  compared  with  predictions  of  a 
micromechanical  model,  incorporating  the  effects  of  crack  bridging  by  the  A1 
reinforcements.  The  bridging  traction  law  is  assumed  to  follow’  linear  softening 
behavior,  characterized  by  a  peak  stress,  G0  and  a  critical  stretch- to-failure.  Uc-  The 
values  of  CTC  and  uc  inferred  from  such  comparisons  are  found  to  be  broadly  consistent 
with  independent  measurements  of  stretch-to-failure,  along  with  the  measured  flow 
characteristics  of  the  A1  reinforcement.  The  importance  of  large-scale  bridging  on  the 
fracture  resistance  behavior  of  this  class  of  composite  is  also  demonstrated  through  both 
the  experiments  and  the  simulations. 
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1.  INTRODUCTION 


The  toughening  of  ceramics  and  intermetaliics  by  ductile  reinforcements  has  been 
comprehensively  studied,1'16  and  has  encompassed  the  range  of  materials  indicated  on 
Table  I.  Three  key  factors  regarding  such  toughening  have  emerged  from  these  studies 
as  being  in  need  of  clarification  and  further  understanding:  i)  The  partitioning  of  the 
plastic  dissipation  accompanying  crack  growth  between  bridging  metal  ligaments  and  a 
process  zone;  ii)  Control  of  interface  debonding  and  associated  relationships  with  the 
dissipation  occurring  within  the  bridging  ligaments;  iii)  The  incidence  and  importance 
of  large-scale  bridging  (LSB)17  and  the  resulting  relationships  between  resistance 
curves,  basic  constituent  properties  and  the  macroscopic  load /deflection  response  of 
the  composite.  This  article  addresses  aspects  of  each  of  these  issues  through 
experiments  and  analysis  on  AI2O3  toughened  with  an  Al/Mg  alloy. 

Experimental  evidence  presented  for  WC/Co9  and  AI2O3/AI2  has  indicated  that 
both  bridging  and  non-linear  process  zones  can  accompany  crack  growth  and 
contribute  to  the  crack  growth  resistance.  Trends  in  these  two  contributions  with 
microstructure  are  predicted  to  be  very  different.9  Consequently,  it  is  important  to 
understand  and  model  the  separate  contributions.  Calculations  indicate  that  the 
dissipation  is  dominated  by  the  plastically  stretching  ligaments,18  provided  that  the 
crack  surface  tractions  induced  by  the  ligaments  are  relatively  small  compared  with  the 
flow  strength  of  the  composite  material  within  the  process  zone.  The  explicit 
requirement  for  ligament  dominance  is  given  by  the  inequality: 

f° b  <  3  of  (1) 

where  /  is  the  volume  fraction  of  the  ductile  material,  ab  is  the  average  crack  surface 
traction  generated  by  the  intact  metal  ligaments  and  is  a  measure  of  the  flow 
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strength  of  the  composite.  For  AI2O3/A 1  alloy  composites  with  typical  values  of  metal 
concentration  (/  «  0.2),  Gb  scales  with  the  uniaxial  yield  strength  of  the  alloy,15  G0,  and 
is  relatively  low  (-  100  MPa),  whereas  Gy,  which  is  dominated  by  the  elasticity  of  the 
matrix,9  is  considerably  larger  (>  500  MPa).  Consequently,  Eqn.  (1)  predicts  that  the 
dissipation  should  occur  exclusively  in  the  bridging  ligaments.  This  material  system 
should  thus  provide  a  good  experimental  test  of  the  crack  growth  predictions  based  on 
bridging. 

The  AI2O3/AI  interface  is  “strong,"19  but  can  experience  ductile  debonding  in 
constrained  regions.  It  should  thus  be  possible  in  this  system  to  examine  the  influence  of 
controlled  debonding  on  the  fracture  resistance.  Furthermore,  such  debonding  is  expected 
to  result  in  large-scale  bridging.  Consequently,  this  material  also  provides  an 
experimental  model  for  testing  and  validating  the  LSB  analyses20'21  now  available  for 
predicting  effects  of  specimen  geometry  on  the  nominal  fracture  resistance. 

When  fracture  resistance  is  dominated  by  plastically  deforming  ligaments,  the 
stress /stretch  function  associated  with  these  ligaments  Gb  (u)  is  the  key  composite 
property.  A  major  objective  of  the  present  study  is  the  determination  of  Gb  (u)  and  its 
rationalization  in  terms  of  the  properties  of  the  A1  alloy  reinforcements,  as  well  as  the 
interface  debonding.  In  general,  it  has  been  found  that  a  linear  softening  traction  law 
has  applicability  to  ductile  phase  toughened  materials,22  governed  by, 

ob  -  oc(l-u/uc)  (2) 

where  u  is  the  crack  opening  displacement,  and  Gc  and  uc  are  constants  to  be 
determined  either  by  experiment  or  by  calculation.  Furthermore,  Gc  should  be  a 
multiple  of  the  uniaxial  yield  strength  of  the  reinforcements  G0-  This  formulation  has 
lead  to  the  following  explicit  results  for  the  crack  growth  resistance  under  small-scale 
bridging  (SSB)  conditions:  i)  a  steady-state  toughness  rss  given  by,21 
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r„  =  rm(i-/)+0lu,//2 


(3) 


where  rm  is  the  matrix  fracture  energy;  and  ii)  a  resistance  prior  to  steady-state  F r  , 
given  by,21 

TR(Aa)  «  Fm  (l  -  /)  +  Ccfuc  [l.6/  -  0.\t7  +  0. 53/3]/ 4  (4) 

where  i  -  Aa/Ls,  with  Aa  being  the  crack  extension  and  Ls  the  crack  growth  at  the 
onset  of  steady-state, 

L,  =  0.37Euc/oc  (5) 

where  E  is  Young’s  modulus  for  the  composite.  However,  as  already  noted,  when  large- 
scale  bridging  occurs,  the  nominal  resistance  may  deviate  substantially  from  the 
SSB  predictions.  This  issue  will  be  a  major  focus  of  the  present  study. 


2.  MATERIALS 

Composites  used  in  this  investigation  were  fabricated  using  the  method  developed 
by  Lange  ef  a/.23  In  this  method,  the  architecture  of  the  metal  is  determined  by  the 
choice  of  a  pyrolyzable  precursor.  The  precursor  (a  polymer  fiber  felt)  is  packed  with  a 
high-purity  alumina*  slurry  by  pressure  infiltration.  After  drying,  the  green  body  is 
slowly  heated  to  bum  out  the  precursor  and  then  sintered  at  1550°C  for  30  min.,  leaving 
an  interconnected  network  of  channels.  The  as-sintered  AI2O3  structure  is  visible  on  the 


*  Sumitomo  AKP-50 
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channel  walls.  This  sintering  schedule  produces  a  fine-grained  (-  4  pm)  ceramic 
preform,  with  a  relative  density  >  99%  (exclusive  of  the  channels)  (Fig.  la).  The  preform 
is  then  infiltrated  with  molten  Al/4  wt.%  Mg  alloy,  by  squeeze  casting,  to  produce  the 
composite.  The  alloy  had  been  heated  to  780°C  and  squeeze  cast  at  a  pressure  of 
170  MPa.  The  composite  billets  were  typically  ~  30  mm  in  diameter  and  -  5  mm  thick. 
Microstructural  examination  of  the  composite  revealed  a  relatively  uniform  network  of 
randomly  oriented  cylindrical  aluminum  fibers,  -  19  pm  in  diameter.  The  metal  volume 
fraction,  measured  by  quantitative  metallography,  was  /  =  0.28  (Fig.  lb). 

The  A1  channels  were  devoid  of  porosity  and  were  bonded  to  the  AI2O3  matrix.  The 
AI2O3  grain  boundaries  appeared  devoid  of  grain  boundary  phases,  as  ascertained  in 
the  transmission  electron  microscope  (TEM)  using  dark  field,  through  focus  and  the 
EDS  X-ray  technique.  Bright  field  TEM  indicated  no  detectable  segregation  and  no 
interphase  formation  at  the  metal/ceramic  interface.  The  aluminum  alloy  was  single 
phase  with  magnesium  in  solid  solution. 


3.  MEASUREMENTS  AND  OBSERVATIONS 
3.1  Mechanical  Testing  Procedures 

Mechanical  test  specimens  were  cut  from  the  composites,  surface  ground  with 
diamond  impregnated  wheels  and  notches  cut  using  thin  (150  pm)  diamond  blades. 
Polished  surfaces  for  crack  length  measurements  were  prepared  using  standard 
metallographic  techniques.  Two  types  of  mechanical  test  were  performed  to  obtain  the 
fracture  resistance  curves  and  the  work  of  rupture.  Resistance  curve  measurements  were 
made  upon  polished,  notched  flexure  beams  (3.6  mm  x  3.6  mm  x  20  mm),  in  accordance 
with  ASTM  standards.24  Specimens  were  prepared  with  notch  depths  of  0.5, 1.0  and 
1.5  mm,  representing  notch  depth  to  specimen  height  ratios,  a0/W,  of  0.14, 0.28  and 
0.42.  Two  flexure  test  procedures  were  used:  1)  in  situ  inside  a  scanning  electron 
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microscope,  and  2)  within  a  stiff  servohydraulic  test  frame’  using  a  traveling  optical 
microscope  to  measure  crack  lengths.  Tests  were  conducted  at  a  displacement  rate  of 
0.2  jj.m/s. 

The  steady-state  fracture  properties  were  characterized  using  work-of -rupture 
tests.25'26  This  test  involved  measurement  of  the  work  required  to  stably  propagate  a 
crack  across  a  chevron-notched  flexure  specimen.  To  ensure  stable  crack  propagation, 
the  specimen  width  was  twice  the  specimen  height  ("double- width  specimens").25'26 
Furthermore,  a  short  pre-crack  (~  100  |im)  was  introduced  at  the  notch  using  a  Vickers 
indentor  with  a  load  of  200  N.  Corresponding  tests  were  conducted  on  fully  dense 
AI2O3  specimens,  to  allow  the  toughness  enhancement  attributable  to  the  metal 
reinforcements  to  be  evaluated. 

The  flow  properties  of  the  bulk  Al/Mg  alloy  were  measured  from  dog-bone  tensile 
specimens  machined  from  squeeze  cast  ingots.  Hardness  measurements  were  also  made 
with  a  nanoindentor  on  both  the  bulk  Al-Mg  alloy  and  the  reinforcements  within  the 
composite,  in  order  to  compare  their  flow  properties. 

3.2  Fracture  Observations 

In  situ  and  post  fracture  observations  conducted  in  the  SEM  provided  insight  into 
the  crack  growth  mechanism,  as  well  as  the  plastic  stretching  of  the  A1  ligaments. 
Observations  performed  in  situ,  shown  at  four  different  crack  openings  in  Fig.  2, 
confirm  the  existence  of  a  plastic  stretching  mechanism.  Investigation  of  the  resultant 
fracture  surfaces  by  SEM  revealed  primarily  transgranular  cleavage  of  the  AI2O3  and 
extensive  plastic  deformation  of  the  Al.  The  stretch  to  failure  of  -  60  ligaments  was 
measured  using  stereo  measurements  on  SEM  micrographs.  The  Al  ligament  orientation 
was  found  to  have  a  strong  effect  on  both  the  debonding  behavior  and  the  plastic 


*  MTS  Model  810 
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stretch  to  failure.  Ligaments  aligned  perpendicular  to  the  crack  plane  (Fig.  3)  exhibited 
debonding,  on  the  order  of  the  fiber  diameter,  2R,  and  a  large  plastic  stretch  to  failure: 
uc  /R  -  3.5.  Inclined  ligaments  partially  debonded  (around  that  segment  of  the 
interface  experiencing  normal  tension.  Fig.  4a),  and  failed  at  a  relatively  small  plastic 
stretch.  Ligaments  parallel  to  the  crack  plane  often  debonded  completely  and 
experienced  negligible  plastic  deformation  (Fig.  4b).  A  summary  of  plastic  stretch 
measurements  (Fig.  5)  indicates  a  mean  value,  uc/R  =  2.9,  with  a  standard  deviation 
of  ±0.9. 

Closer  examination  of  the  debonded  surfaces  provided  insight  into  the  debond 
mechanism  and  the  role  of  matrix  microstructure.  The  AI2O3  side  of  the  debonded 
interface  (Fig.  6a)  reveals  the  presence  of  a  network  of  Al.  The  network  cell  size  is 
similar  to  that  of  the  matrix  grains  and  the  cell  centers  are  frequently  situated  at  triple 
grain  junctions  on  the  AI2O3  surface.  The  debonded  metal  exhibited  a  corresponding, 
distorted,  dimpled  surface  (Fig.  6b).  These  observations  indicate  that  debonding 
occurred  by  a  ductile  process  involving  void  nucleation  at  triple  grain  junctions  ot  the 
matrix  surface,  followed  by  plastic  void  growth  and  coalescence  within  the  metal,  near 
the  interface.  This  mechanism  of  interfadal  fiacture  is  consistent  with  earlier  studies 
which  indicate  that  the  AI2O3/ Al  interface  is  "strong."19 

The  effect  of  matrix  microstructure  on  debonding  was  explored  by  heat  treating 
some  of  the  AI2O3  compacts  at  1600°C  for  30  h,  to  induce  substantial  grain  growth  in 
some  regions*  and  thus  reduce  the  number  of  triple  grain  junctions  at  the  channel 
surfaces.  After  infiltration  and  fracture,  the  debonding  in  these  regions  was  found  to  be 
negligible  (Fig.  7),  whereas  the  debonding  in  the  fine-grained  region  was  essentially  the 
same  as  that  in  the  original  fine-grained  composite  (c.f.  Fig.  3).  The  plastic  stretch  of  the 
reinforcements  in  the  coarse-grained  region  was  correspondingly  lower  uc/R  =  1. 


*  These  heat  treatments  produced  a  bimodal  distribution  of  grain  sizes:  a  result  of  abnormal  grain  growth. 
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3.3  Properties  of  A1  Alloy 


Tensile  stress-strain  curves  for  the  bulk  Al-Mg  alloy  (Fig.  8)  indicated  a  yield 
strength  of  ~  70  MPa  and  an  ultimate  tensile  strength  of  -  180  MPa.  The  reduction  in 
area  was  approximately  20%.  Nanoindentation  results  at  a  load  of  5mN  indicated 
similar  hardness  levels  for  the  bulk  aluminum  alloy  (1.1  ±  0.1  GPa)  and  for  the 
reinforcements  in  the  composite  (1.3  ±  0.2  GPa).  The  relatively  large  values  of  hardness 
(compared  to  the  uniaxial  yield  strength)  reflect  the  indentation  size  effect  that  occurs  in 
the  nanometer  range.28 

3.4  Fracture  Resistance 

The  resistance  curves  for  the  composite  (Fig.  9)  have  three  characteristic  features: 
i)  an  initial  fracture  resistance,  KQ  =  3  MPaVm~,  similar  to  the  fracture  toughness  of  the 
matrix,  ii)  an  intermediate  region  wherein  the  fracture  resistance  increases  gradually, 
and  iii)  a  final  region  in  which  the  resistance  increases  rapidly.  The  latter  region 
commences  at  smaller  crack  extensions  for  specimens  with  deeper  notches.  Such 
behavior  is  characteristic  of  large-scale  bridging  (LSB).17 

The  work  of  rupture  of  the  composite  was,  WR  =  400  ±  50  Jm'2  and  that  of  the  fully 
dense  was  WR  =  25  ±  5  Jm*2.  The  toughness  enhancement  AWR  attributed  to 

the  metal  reinforcements,  re-expressed  in  the  non-dimensional  form,T15 

X  =  AWr//o0R  (6a) 

becomes 

X  =  2.0  ±0.3.  (6b) 

t  Processed  similarly  and  having  comparable  grain  size. 
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The  steady-state  fracture  resistance  Kss  of  the  composite  can  then  be  calculated  using 


Kb  -  V^Wr  (7) 

where  E  is  the  composite  Young's  modulus.  Taking  E  =  300  GPa,  Eqn.  (7)  gives  the 
result  Kss  =>  11  MPaVrrT,  significantly  less  than  the  nominal  LSB  fracture  resistance 
measured  at  large  crack  extensions  (Fig.  9). 


4.  MODELING 

4.1  Bridging  Tractions 

The  traction  function  CTb(u)  for  the  ductile  A1  ligaments  was  obtained  using  two 
methods.  In  the  first,  the  function  was  assumed  to  obey  a  linear  softening  law  (Eqn.  2). 
Selection  of  the  peak  stress  parameter,  ac,  and  the  stretch-to-failure,  uc,  was  based  on 
the  following  procedure:  i)  The  stretch-to-failure  was  made  to  coincide  closely  with  the 
SEM  measurements  (uc/R  =  2);  ii)  The  maximum  stress  was  then  selected  such  that  the 
computed  R-  curve  (described  in  Section  4.2)  for  one  of  the  specimen  geometries  was  in 
good  agreement  with  the  experimental  data.  This  fit  specifies  both  Oc  and  uc  in  Eqn.  (2); 
iii)  The  R-curves  for  the  other  geometries  were  computed  and  compared  with  the 
experiments.  As  an  additional  consistency  check,  the  area  under  the  normalized  ob(u) 
curve  was  evaluated  and  compared  with  the  value  of  X  obtained  from  the  work-of- 
rupture  tests  (Eqn.  6b). 

In  the  second  method,  the  traction  function  was  computed  using  a  geometric 
necking  model29  by  assuming  cylindrical  bridging  ligaments  oriented  perpendicular  to 
the  crack  plane  (Appendix).  The  shape  of  the  ligaments  during  deformation  was  taken 
to  be  a  paraboloid  of  revolution,  with  the  nominal  stress  computed  from  Bridgman’s 
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solution30  for  a  necking  bar.  This  calculation  requires  a  flow  law  for  the  A1  ligaments 
applicable  at  the  large  plastic  strains  that  occur  during  rupture.  The  commonly  used 
Ramberg-Osgood  law  typically  overestimates  the  flow  stress  at  large  strains,  because 
hardening  is  limited  by  the  development  of  a  stable  dislocation  cell  structure.31 
Consequently,  a  more  appropriate  flow  law  at  large  strains  is,32 

a  =  cs[l-me~n£p]  (8) 

where  as  is  the  saturation  strength,  with  m  and  n  being  coefficients  that  reflect  the 
hardening.  A  fit  of  Eqn.  (8)  to  the  data  from  Fig.  8  gives  the  parameters  Gs  =  300  MPa, 
m  =  0.75  and  n  =  5.8.  The  stress/ stretch  relationships  for  various  debond  lengths  and 
their  influence  on  the  toughness  enhancement,  predicted  using  Eqn.  (8)  in  the  geometric 
necking  model  (Appendix),  are  shown  in  Fig.  10. 

4,2  Fracture  Resistance 

A  cohesive  crack  model  with  linear  softening  has  been  used  (Eqn.  2)  and  solved  by 
an  integral  equation  method.20'21  The  relevant  geometric  parameters  are  shown  in 
Fig.  11.  The  model  considers  a  matrix  crack  of  length  a,  growing  from  a  notch  of  length 
aQ  in  a  flexure  specimen  of  width  w.  The  bridging  tractions  are  denoted  /Gb(x),  where  x 
is  the  distance  from  the  tensile  face  of  the  beam.  The  applied  load  is  represented  by  the 
stress,  aa(x),  that  would  exist  on  the  fracture  plane  in  the  absence  of  the  crack, 
represented  by, 

o.(x)  =  6M(l  -  2x/w)/w2  b  (9) 

where  b  is  the  specimen  depth  and  M  is  the  bending  moment.  The  net  tractions  p(u) 
acting  on  the  crack  face  are  assumed  to  follow  a  linear  softening  law  of  the  form 
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p(u)  =  /Cfc(l  -  u/uj 


(W) 


Thereafter,  the  crack  opening  profile  can  be  related  to  the  applied  load  by  an  integral 
equation,20^21  which  leads  to  an  expression  for  the  stress  intensity  factor  at  the  crack  tip, 


= 


iT;  [°‘(x>  ~ p(u(x>  Hdx 

V1  “  (x/a) 


(11) 


where  H  is  a  weight  function  defined  in  Refs.  20  and  21.  Using  the  criterion  for  matrix 
crack  propagation,  Ktip  =  Kq  (the  matrix  toughness),  the  crack  growth  resistance  has 
been  simulated  by  solving  the  integral  equation  for  Ktip,  as  elaborated  below. 

4.3  Comparison  Between  Theory  And  Experiment 

Initially,  the  experimentally  measured  resistance  curve  for  a  notch  depth, 
aQ/ w  =  0.28,  was  compared  with  predictions  for  a  range  of  Oc/ O0  Coincidence  was 
obtained  for  Cc/O0  =  2.12  (Fig.  9).  Further  comparisons  for  other  notch  geometries 
(aQ/w  =  0.14  and  0.42),  made  using  the  same  value  of  <JC  l<J0t  indicate  good  agreement 
over  the  entire  range  of  crack  extension  (Fig.  9).  In  addition,  the  steady-state  toughness 
enhancement  calculated  from  the  linear  softening  traction  law  (x  =  2.1)  is  in  accord  with 
the  value  measured  from  the  work  of  rupture  tests  (X  =  2.0  ±  0.3).  The  consistency 
between  the  various  measurements  and  predictions  provides  confidence  in  the  utility  of 
the  linear  softening  traction  law,  as  well  as  the  key  material  parameters,  Oc  and  uc. 

A  discrepancy  that  arises  from  the  comparison  between  measurement  and 
c  alculation  is  concerned  with  the  predictions  of  the  geometric  necking  model.  The 
model  predicts  a  peak  stress  and  a  toughness  enhancement  consistently  higher  than 
those  found  by  experiment  for  debond  lengths  that  give  the  appropriate  range  of  uc/R 
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(Fig.  10).  Notably,  the  peak  stress  should  not  be  lower  than  the  (unconstrained)  ultimate 
tensile  strength  of  the  Al  alloy  (<JC  ~  2.6  a0).  Vet,  a  lower  value  of  the  peak  stress  is 
inferred  from  the  resistance  curves  «5C  =  2.1  Oc).  The  discrepancy'  is  believed  to  be 
attributable  to  the  random  orientation  of  the  ligaments,  which  significantly  lowers  the 
limit  load.32  This  effect,  in  turn,  reduces  the  steady-state  toughness  enhancement 
associated  with  the  metal  reinforcements. 


5.  CONCLUSION 

The  close  comparison  between  theory  and  experiment  revealed  by  the  present  study 
has  several  implications.  The  primary  mechanism  of  toughening  by  ductile 
reinforcements  can  now  be  confidently  attributed  to  plastic  dissipation  by  stretching 
between  the  crack  surfaces.  Consequently,  the  important  microstructural  variables  can 
be  defined  and  evaluated,  especially  the  requirement  for  controlled  debonding. 

The  importance  of  large-scale  bridging  in  metal/ ceramic  composites  has  been 
vividly  demonstrated.  A  major  implication  of  LSB  is  that  the  very  large  specimens 
required  to  satisfy  semi-infinite  specimen  geometry  assumptions  are  impractical  and 
would  hinder  the  development  of  new  materials.  Furthermore,  it  is  anticipated  that 
applications  for  these  composites  will  be  in  small,  complex  components,  for  which  the 
fracture  resistance  measured  from  semi-infinite  specimens  would  be  of  little  use.  The 
approach  outlined  here  demonstrates  a  practical  alternative  wherein  determination  of 
the  stress /stretch  relationship  of  the  ductile  reinforcements  from  tests  conducted  on 
small,  simple  specimens  combined  with  computer  modeling  allow's  the  prediction  of 
fracture  resistance  behavior  of  finite  sized  components. 

Finally,  it  is  apparent  that  a  traction  law  applicable  to  composites  reinforced  with 
randomly  oriented  metal  channels  cannot  be  simulated  using  simple  geometric  models  of 
necking  ligaments.  Experimental  evaluation  of  this  law  is  preferred. 
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TABLE  I 

Ductile  Reinforcement  Toughened  Ceramics  and  Intermetallics 


MATRIX 

REINFORCEMENT 

REFERENCES 

AI2O3 

Al 

1-4 

b4c 

Al 

5 

wc 

Co 

6-9 

TiAl 

Nb 

10 

MoSi2 

Nb 

11,12 

NiAl 

Mo,  Cr 

13 

AIN 

Al 

14 
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APPENDIX 


The  effect  of  debond  length  on  the  stress  /stretch  relationship  for  a  bridging  ligament 
is  estimated  using  the  geometric  model  described  by  Mataga.29  Here,  the  ligaments  are 
taken  to  be  cylindrical  in  shape  and  oriented  perpendicular  to  the  crack  plane. 
Debonding  is  assumed  to  occur  instantaneously  (at  u  =  0),  such  that  the  debond  length, 
d,  remains  fixed  during  stretching.  The  profile  of  the  ligament  is  assumed  to  be 
described  by  a  paraboloid  of  revolution.  The  minimum  ligament  diameter,  2 r,  and  the 
local  radius  of  curvature  are  then  evaluated  in  terms  of  the  crack  opening  displacement 
by  requiring  the  volume  of  the  ligament  to  remain  constant.  This  leads  to  an  expression 
for  the  crack  opening  in  terms  of  the  current  ligament  geometry, 

u/R  =  2(d/R)[(l  -  4p/3  +  8pVl5)'’  - 1]  (A1) 

where 

p  =  1-r/R  (A2) 

The  nominal  stress  depends  on  the  current  load  bearing  area  of  the  ligament  (as 
manifest  in  the  parameter  p),  the  work  hardening  behavior  of  the  metal  and  the  plastic 
constraint  resulting  from  the  ligament  profile.  Utilizing  Bridgman’s  solution30  for  the 
average  nominal  stress  in  a  necking  bar  leads  to  the  result, 

o/o0  =  (l  -  p2)[l  ha/R2p(l  -  p)]^n[l  +  p(l  -  p)R2/h2]  (A3) 
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where  2h  is  the  current  "gauge  length"  of  the  ligament, 

2h  =  2d  +  u,  (A4) 

Combining  these  results  with  the  flow  law  for  the  AI  alloy  (Eqn.  8  in  the  text)  gives  the 
CTb(u)  predictions  plotted  on  Fig.  10a. 
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FIGURE  CAPTIONS 


Fig.  1.  a)  Ceramic  perform,  prior  to  metal  infiltration. 

b)  Composite  microstructure,  after  metal  infiltration. 

Fig.  2.  Bridging  A1  ligaments  in  the  composite  at  four  different  crack  openings. 
Micrographs  taken  in  situ  under  load. 

Fig.  3.  a)  Composite  fracture  surface  in  area  where  fibers  are  aligned  perpendicular 
to  fracture  surface. 

b)  High  angle  (85°)  tilt  view  illustrating  plastic  stretching  of  ligaments. 

Fig.  4.  Composite  fracture  surface  in  area  where  fibers  are  (a)  inclined  with  respect  to 
crack  plane,  and  (b)  aligned  parallel  to  the  crack  plane. 

Fig.  5.  Cumulative  distribution  of  plastic  stretch  to  failure  of  Al  ligaments. 

Fig.  6.  a)  View  of  debonded  AI2O3  surface,  with  cell-like  Al  network  centered 
around  triple-grain  junctions. 

b)  View  of  debonded  Al  surface,  with  ductile  dimples  corresponding  to  the 
AI2O3  grain  size. 

Fig.  7.  Fracture  surface  of  composite  produced  from  large-grained  AI2O3  preform. 
Note  the  absence  of  debonding  and  the  reduction  in  plastic  stretch. 

Fig.  8.  True  stress/strain  curves  from  experimental  data  and  calculated  using  the 
Voce  law.31 

Fig.  9.  Comparison  of  measured  and  computed  fracture  resistance  curves  for  three 
notch  depths,  a0/w. 

Fig.  10.  a)  Linear  softening  stress/stretch  relationships  used  in  modeling  of 
resistance  curves  and  predictions  of  the  geometric  necking  model  for 
various  debond  lengths. 

b)  Comparison  of  steady-state  toughness  enhancement  from  the  geometric 
model  and  the  experimental  measurements. 
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Fig.  11.  Schematic  representation  of  specimen  geometry. 
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ABSTRACT 

The  present  study  examines  the  strength  characteristics  of  brittle  materials 
reinforced  with  ductile  metal  particles.  The  strength  enhancement  in  such 
materials  is  derived  from  a  process  of  crack  bridging  by  the  particles.  The  study 
focuses  primarily  on  the  role  of  the  bridging  traction  law:  the  relation  between  the 
crack  surface  traction  and  the  crack  opening  displacement.  Two  types  of  bridging 
traction  laws  are  considered:  one  exhibits  linear  softening,  and  the  other  is 
rectilinear.  The  results  are  expressed  in  terms  of  two  non-dimensional  parameters 
that  account  for  the  effects  of  the  flaw  size  and  a  variety  of  material  properties, 
including  the  elastic  modulus,  the  matrix  toughness,  and  the  parameters 
characterizing  the  traction  law.  It  is  shown  that  such  composites  can  be  substantially 
more  flaw  tolerant  than  monolithic  ceramics.  This  flaw  tolerance  is  manifested  as  a 
narrowing  of  the  strength  distribution  for  a  prescribed  flaw  size  distribution. 
Finally,  the  role  of  the  interface  debond  length  is  examined.  A  geometric  necking 
model  is  used  to  derive  the  relevant  bridging  traction  law  which,  in  turn,  is  used  to 
evaluate  the  composite  fracture  properties.  It  is  shown  that  there  exists  optimal 
debond  lengths  at  which  the  composite  strength  is  maximized.  In  contrast,  the 
steady  state  toughness  increases  monotonically  with  debond  length.  The 
implications  of  these  results  on  the  design  of  composite  microstructures  are  briefly 
described. 
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1.  INTRODUCTION 

Ductile  particles  can  substantially  toughen  a  brittle  material  [1-5].  During  crack 
extension  the  particles  bridge  the  crack  and  thus  reduce  the  stress  intensity  at  the 
crack  tip  (Fig.  1(a)).  As  a  result,  the  strength  of  the  composite  may  exceed  the  strength 
of  the  matrix.  The  composite  strength  depends  on  various  factors,  including  the 
matrix  toughness,  the  initial  flaw  size,  the  crack  surface  tractions  exerted  by  the 
particles,  and  the  specimen  geometry.  In  this  study,  emphasis  is  placed  on  the  effects 
of  the  bridging  traction  law:  the  relationship  between  the  crack  surface  traction,  O,  and 
the  crack  opening  displacement,  5. 

The  bridging  traction  law  appropriate  to  ductile  particles  can  be  determined 
either  through  a  micromechanical  analysis  [6-8],  or  by  experimental  measurement 
[4].  Two  typical  0-8  relations  for  ductile  reinforcements  are  shown  schematically  in 
Fig.  2:  one  corresponds  to  systems  with  relatively  strong  interfaces  (a),  and  the  other 
to  systems  with  relatively  weak  interfaces  (b)  [4],  For  modeling  purposes,  the  curve 
in  (a)  can  be  approximated  by  a  linear  softening  law  and  the  curve  in  (b)  by  a 
rectilinear  law,  as  indicated  by  the  dashed  lines.  The  approximations  can  be 
formally  written  as 


Jl,  0<8/8o  < 
[0,  8/80  >1 


for  the  rectilinear  law,  and 


°/<*o 


fl-5/5o,0<5/8o<l 
1  0,  5/80  >1 


(lb) 
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for  the  linear  softening  law.  Here  G0  is  the  maximum  surface  traction  exerted  by  the 
particles:  it  is  a  function  of  the  yield  stress  and  volume  fraction  of  particles,  and  the 
interface  debond  length.  Furthermore,  S0  is  the  crack  opening  displacement  at 
which  the  tractions  fall  to  zero:  it,  too,  is  a  function  of  the  interface  debond  length,  as 
well  as  the  ductility  and  size  of  the  particles.  It  is  of  interest  to  note  that  there  are 
only  two  parameters  that  characterize  these  laws  ( G0  and  80),  making  the  laws 
amenable  to  modeling  studies  of  the  type  described  below. 

The  resistance  to  crack  growth  (^in  this  class  of  composite,  obtained  using 
the  J-integral,  can  be  expressed  as 


5, /So 

Q%_  =  ro  +  g050  |  x  (s)ds 


(2) 


where  ro  is  the  matrix  toughness  and  St  is  the  crack  opening  displacement  at  the 
notch  root  (Fig.  1(a)).  The  initial  (unbridged)  crack  starts  to  grow  when  reaches 
ro.  As  it  grows,  a  bridging  zone  develops  in  its  wake,  causing  an  increase  in  the 
resistance  to  further  growth  (Fig.  1(b)).  Once  5t  reaches  80,  particles  begin  to  rupture 
at  the  notch  root.  Particle  rupture  continues  with  crack  extension  until  a 
steady-state  bridging  zone  length  is  obtained.  The  corresponding  steady-state 
fracture  resistance,  rS/  is  evaluated  by  setting  5t  =  S0  in  Eqn.  (2),  yielding  the  results: 

=  ro  +  Gq^o  •  (3a) 


for  the  rectilinear  law,  and 

r$  =  r0  +  g080/2. 


(3b) 
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for  the  linear  softening  law. 

Although  rs  is  a  characteristic  fracture  property  of  the  composite,  it  cannot  be 
used  directly  to  evaluate  the  composite  strength  since  the  conditions  for  crack 
instability  are  often  met  before  steady  state  conditions  are  attained.  Indeed,  when 
the  initial  flaw  size  is  small  compared  to  the  steady  state  bridging  zone  length,  the 
strength  enhancement  attributable  to  the  particles  is  negligible  even  though  the 
toughness  enhancement  may  be  substantial.  The  main  objective  of  the  present 
article  is  to  examine  theoretically  the  relations  between  the  traction  law  appropriate 
to  ductile  reinforcements  and  the  strength  and  reliability  of  such  composites, 
incorporating  the  effects  of  finite  crack  sizes.  For  simplicity,  attention  is  focused  on 
the  rectilinear  and  linear  softening  traction  laws. 

The  remainder  of  the  paper  is  divided  into  four  parts.  Section  2  provides 
background  on  the  mechanics  of  cracks  bridged  by  ductile  particles.  In  Section  3,  the 
trends  in  composite  strength  with  flaw  size  and  the  various  materials  properties 
(including  elastic  modulus,  matrix  toughness  and  the  parameters  characterizing  the 
traction  law)  are  presented.  Section  4  focuses  on  the  issue  of  reliability.  Here  the 
results  of  Section  3  are  combined  with  a  statistical  description  of  the  flaw  size 
distribution  in  order  to  examine  the  changes  in  the  strength  distributions  that  arise 
from  crack  bridging.  The  role  of  interface  debonding  is  examined  in  Section  5.  For 
this  purpose,  a  geometric  necking  model  is  used  to  derive  the  traction  law  for  a 
prescribed  debond  length,  which,  in  combination  with  the  calculations  of  Section  3, 
are  used  to  predict  variations  in  strength  with  debond  length.  Finally,  Section  6 
provides  remarks  on  some  of  the  limitations  and  implications  of  the  present  results 
for  the  design  of  composite  microstructures. 
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2.  BASIC  MECHANICS 

Consider  a  mode  I,  plane  strain  center  crack  in  a  large  composite  body  subject 
to  a  remote  uniform  tension,  a,  as  depicted  in  Fig.  3.  The  length  of  the  initial 
unbridged  crack  is  2acand  the  total  crack  length  is  2a. 


2.1  Small  Scale  Bridging  (SSB) 

When  the  bridging  zone  length  L  is  much  smaller  than  both  the  crack  length 
and  the  in-plane  specimen  dimensions,  the  problem  is  one  of  small-scale  bridging 
(SSB).  The  crack  can  then  be  taken  as  semi-infinite,  such  that  the  effect  of  the 
applied  load  and  specimen  geometry  can  be  represented  by  the  applied  stress 
intensity  K  or  energy  release  rate  Q:  the  interplay  between  crack  bridging  and  finite 
geometry  can  be  neglected.  In  this  case,  the  curves  characterizing  the  increase  in 
fracture  resistance  with  crack  extension  (so-called  R-curves)  are  material  properties. 
A  comprehensive  series  of  SSB  solutions  for  {j^and  L  in  composites  with  rectilinear 
and  linear  softening  bridging  laws  have  been  documented  elsewhere  [10]. 

Under  SSB  conditions,  the  composite  strength  S  is  attained  when  Q<^  reaches 
its  steady  state  value,  rs,  whereupon  the  strength  is  given  by  the  usual  relation 


7ta0 


(4) 


where  E  is  the  plane  strain  modulus  of  the  composite  and  the  crack  length  at 
fracture  is  taken  to  be  equal  to  the  initial  flaw  size,  ac.  Combining  Eqns.  (3)  and  (4) 

leads  to  expressions  for  the  normalized  strengths 


S 


* o 


1+ X 

Tta 


|1/2 


(5a) 
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for  the  rectilinear  law,  and 


_S_ 

on 


Yi^X 


1/2 


(5b) 


for  the  linear  softening  law,  where  a  and  X  are  the  non-dimensional  parameters 


a  = 


<^oao 

5CE  ' 


X  =  -r»- 


^0^0 


(6) 


Alternatively,  these  results  can  be  expressed  in  terms  of  the  matrix  strength,  SG, 


So  = 


Sr,  -"/2 


7tar 


(7) 


assuming  that  the  flaw  size  and  elastic  properties  of  the  matrix  are  the  same  as  those 
of  the  composite.  Combining  Eqns.  (4)  and  (7)  yields  the  result 

(8) 

for  both  the  rectilinear  and  the  linear  softening  traction  laws. 

The  non-dimensional  parameters  CL  and  X  have  the  following  physical 
meaning.  The  parameter  a  is  a  normalized  flaw  size:  the  normalizing  parameter, 
50E/o0,  is  a  material  length  scale  that  is  proportional  to  the  steady  state  bridging 
zone  length.  Using  order  of  magnitude  estimates  of  the  various  material  properties 
(So  ~  10  to  100  pm,  E  -  100  GPa  and  O  ~  10-100  MPa)  gives  values  of  50E/o0  that 
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range  between  ~1  and  100  mm.  Consequently,  for  virtually  all  problems  of  practical 
interest,  a  lies  in  the  range  0  <  a  <  1.  The  other  parameter.  A.,  is  a  normalized 
matrix  toughness:  the  normalizing  parameter,  C050,  is  proportional  to  the  energy 
dissipated  through  plastic  deformation  of  the  ductile  particles.  Alternatively,  the 
inverse,  l/X,  can  be  viewed  as  a  measure  of  the  toughness  enhancement  attributable 
to  the  particles,  since  the  enhancement  in  steady-state  toughness  is 

^Fs-Fo)/Fo=  TJ /X.  (15) 

where  T[  is  of  order  unity  (T)  =  1  for  the  rectilinear  law  and  T|  =  1/2  for  the  linear 
softening  law).  Using  the  values  quoted  above,  a080  lies  betwreen  102  and  104  Jnr2. 
Furthermore,  the  toughness  of  most  glasses  and  ceramics  is  rD  ~  10  to  100  Jm-2, 
putting  X  in  the  range  ~  0  <  X  <  1 . 

2.2  Large  Scale  Bridging  (LSB) 

When  the  bridging  zone  length  is  comparable  to  either  the  crack  length  or  the 
in-plane  specimen  dimensions,  the  reduction  in  stress  intensity  due  to  the  bridging 
particles  is  a  function  of  the  applied  stress  intensity  as  well  as  the  specimen 
geometry  and  size  [12].  In  this  regime,  the  fracture  resistance  curve  is  not  a  material 
property.  However,  it  will  become  clear  shortly  that  the  resistance  curve  is  not 
essential  in  deriving  the  composite  strength,  and  thus  the  shortcomings  of  such 
curves  in  this  regime  are  not  a  major  concern. 

Using  a  stress  intensity  approach,  the  relation  between  the  applied  stress  ard 
the  current  crack  length  for  the  crack  configuration  showm  in  Fig.  3  can  be  expressed 
as  [11] 
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oVrc a 


o(x) 


dx 


(9) 


where  G(x)  is  the  stress  distribution  in  the  bridging  zone,  x  is  the  distance  from  the 
crack  center,  and  21  is  the  length  of  the  unbridged  portion  of  the  crack.  Prior  to 
particle  rupture,  21  is  equivalent  to  the  initial  flaw  size,  2ac;  following  particle 
rupture  t  <  a0-  For  convenience,  the  traction  law  is  inverted  and  written  in  the 
generic  form 


8/80  =  y<o/G0)  (10) 

where  \|/  is  a  continuous  or  piece- wise  continuous  function  of  G/G0.  The 
displacement  8  consists  of  two  components:  one  due  to  the  remote  tension  and 
another  due  to  the  bridging  stress  [11 J.  When  summed  together,  the  total 
displacement  is 


Combining  Eqns.  (9)  to  (11)  and  introducing  appropriate  normalizations  yields  the 
governing  equation  for  the  bridging  traction  distribution 


y(0(x))+4a- 


aD  /a  <  x  <  1 


(12a) 


where  x  is  the  normalized  position  in  the  bridging  zone  (x  =  x/a);  <})  is  the 
normalized  bridging  traction  distribution: 
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and  Q  is  a  singular  kernel. 


£2(x,t)  =  —in 
n 


-x2  Wl-t2  _  2  Vl-x2 

iF-x/TF  *VT7. 


Equation  (12)  is  solved  either  analytically  or  numerically  (depending  on  the  nature 
of  the  traction  law)  and  the  resulting  traction  distribution  <|>(x )  inserted  into  the 
non-dimensional  form  of  Eqn.  (9): 

±  m  fZ  E  + 1  dt 

°o  ynav  a  "/.Vl-?  (13) 

to  obtain  the  remote  stress  corresponding  to  each  value  of  crack  length.  The 
composite  strength,  S,  is  then  identified  from  the  maximum  point  on  the  6/o0 
versus  a/e^  curve. 

It  will  be  shown  momentarily  that  the  composite  strength  can  be  attained 
either  before  or  upon  the  onset  of  particle  rupture,  depending  on  the  nature  of  the 
traction  law  and  the  values  of  the  parameters  a  and  X.  When  the  strength  is 
attained  prior  to  particle  rupture  (as  it  always  is  for  the  linear  softening  law),  the 
lower  limits  on  the  integrals  in  Eqns.  (12)  and  (13)  are  replaced  by  aD/a.  When  the 
strength  is  attained  at  the  onset  of  particle  rupture  (as  it  sometimes  is  for  the 
rectilinear  law),  the  variation  in  l  with  the  crack  length,  a,  must  be  evaluated  in 
order  to  solve  these  integrals.  This  is  accomplished  by  setting  S  =  50  at  x  =  (  in 
Eqn.  (11). 
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3.  COMPOSITE  STRENGTH 

3.1  Rectilinear  Traction  Law 

Substituting  the  rectilinear  bridging  traction  law  (Eqn.  1(a))  into  Eqn.  (13)  and 
integrating  yields  the  stress-crack  length  relation: 


-cos  '(ao  / a) 

71 


(14) 


over  the  range  1  <  a/aD  <  ac/a0,  where  ac  is  the  crack  length  at  which  particle  rupture 
begins  (i.e.,  5t  reaches  50).  In  this  regime,  the  maximum  value  of  o/o0  occurs  at  a 
crack  length,  a*,  obtained  by  setting 


d(q/q0)  =  1  jX  t  2ap  1 

d(a/ao)  2af*Jn  af  naf  ^ l-(a0/af)2 


The  solution  to  Eqn.  (15)  is 


af/aD 


^j{8a/itX)2  +  1  -  8a /nX 


(16) 


Substituting  this  result  into  Eqn.  (14)  gives  the  strength  of  the  composite,  i.e.  a  =  S. 
It  should  be  emphasized  that  this  result  is  valid  only  when  the  stress  maximum  is 
attained  prior  to  particle  rupture  i.e.  af  <  ac. 

In  the  other  regime  (ac  <  af),  the  maximum  shess  is  attained  at  the  onset  of 
particle  rupture.  The  value  of  &c  is  obtained  be  setting  S  =  80  at  x  =  a0  in  Eqn.  (11), 
resulting  in 

7F:MS26(February  12.  1993)/9:20  AM/mef 


12 


50  =  =-oac^/l-(a0/ ac)2  J  /n 


JtE 


aQ/ac 


^l  -(a0  /ac)2  +  4\-t2 


^l-(a0/ac)2  -Vl-t2 


dt 


(17) 


The  integral  in  Eqn.  (17/  can  be  worked  out  in  a  closed  form 


j 

1 


fn 


a0/ac 


4 l-(a0/ac)2  Wl-t2 


J  l-(a0/ac)2 -Vl-t2 


dt=2^1-(a0  / ac)2 


( -  _  \ 

--sin-1  — 


-  2  —  f  n  — 
ac  a. 


(18) 


which,  in  combination  with  Eqn.  (17),  leads  to  the  result 


4a— 

—  Vl-(a0/ac)2  --4 

L-(a0/ac)2 

fn  .  -iacl 
—  sin  — 

2  an  an 
- -fn  — 

ao 

7t  V 

^2  ac  j 

7i  ac  ac 

=  1 


(19) 


Inserting  Eqn.  (14)  into  Eqn.  (19)  and  using  the  identity  cos^y  =  n/2  -  sin_1y,  gives 


k*  fLc__£o.  _  8ct^n£o  =  1 


n  \iaD  ac 


n  a. 


(20) 


This  equation  defines  ac/a0  in  terms  of  only  two  parameters:  a  and  X.  The  strength 
is  then  obtained  by  solving  for  ac/a0  and  substituting  the  result  into  Eqn.  (14). 

Three  stress-crack  length  curves  showing  the  effects  of  particle  rupture  are 
presented  in  Fig.  4(a).  The  effects  of  the  parameters  (X  and  X  on  the  critical  condition 
wherein  af  =  ac  (obtained  from  Eqns.  (16)  and  (20))  are  presented  in  Fig.  4(b). 
Evidently,  the  stress  maximum  is  attained  prior  to  particle  rupture  only  when  the 
initial  flaw  size  is  small:  OC  <  0.10  to  0.15.  This  result  is  relatively  insensitive  to  A, 
over  the  relevant  range  of  X. 
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The  preceding  results  for  the  composite  strength  can  be  conveniently 
summarized  in  the  form 


[Xji  2  _! 

J—  +  —COS  P 

V  rax  n 


(21) 


where 

=  fa0  / af/  if  af  <  ac 

la0  / aC/  if  af  >  ac .  (22) 


For  composites  of  this  type,  X  is  typically  much  smaller  than  unity. 
Consequently,  a  first  order  estimate  of  the  composite  strength  can  be  obtained  by 
setting  X  =  0.  In  this  limit,  -»  <»,  whereas  ac  remains  finite;  thus  the  second 

condition  in  Eqn.  (20)  applies.  Combining  Eqns.  (20)  and  (21)  yields  the  simple 
analytical  result 


The  relevant  results  are  presented  in  Fig.  5.  The  trends  in  strength,  S/a0, 
with  flaw  size,  (X,  are  shown  in  Fig.  5(a)  for  values  of  X  ranging  from  0  to  0.5.  (The 
curve  corresponding  to  X  =  0  is  computed  using  Eqn.  (23)).  The  same  results  are 
presented  in  an  alternate  form  in  Fig.  5(b).  Here  the  composite  strength  is 
normalized  by  the  matrix  strength,  S0,  and  plotted  against  the  square  root  of  the 
normalized  toughness:  (rs/r0)]/2.  The  latter  normalizations  are  selected  so  that  the 
prediction  of  the  SSB  solution  (a  =  «*)  is  linear  and  exhibits  a  slope  of  unity 
(Eqn.  (8)).  The  remaining  curves  correspond  to  values  of  a  ranging  from  0.05  to  2. 
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In  the  regime  a  <  0.5  (which  is  relevant  to  most  composites  of  interest),  the  SSB 
solution  strongly  overestimates  the  composite  strength,  demonstrating  the  need  to 
account  for  the  LSB  effects.  Evidently,  S/S0  varies  almost  linearly  with  {T^/Tq)^^2  for 
all  values  of  CL.  However,  the  degree  of  strength  enhancement  (characterized  by  the 
ratio  S/S0)  is  considerably  smaller  than  (Ts/To)1/2  for  small  values  of  a. 

3.2  Linear  Softening  Traction  Law 

The  effects  of  bridging  on  the  composite  strength  for  the  linear  softening 
traction  law  have  been  evaluated  following  the  approach  outlined  in  the  preceding 
section.  Two  salient  differences  exist.  Firstly,  there  is  no  analytical  expression  for 
the  composite  strength  for  the  linear  softening  law.  The  relevant  solution  for  the 
stress  -  crack  length  relation  over  the  range  0  <  a/a<,  <  ac/ao  can  be  written  as 


(This  result  is  equivalent  to  Eqn.  (13)  with  the  lower  limit  on  the  integral  replaced  by 
a0/a.)  Here  the  integral  must  be  solved  numerically  since  no  analytical  solution 
exists.  Secondly,  the  maximum  stress  is  always  attained  prior  to  particle  rupture,  i.e. 
no  finite  values  of  CL  and  X  satisfy  the  equality  af  =  ac.  As  a  result,  it  is  unnecessary 
to  calculate  the  stress  -  crack  length  relation  for  the  regime  in  which  a/ac  >  1: 
Eqn.  (24)  can  be  used  in  all  cases.  Three  stress  -  crack  length  curves  for  this  traction 
law  are  shown  in  Fig.  6.  The  composite  strength  is  obtained  by  identifying  the 
maximum  points  on  a  family  of  such  curves,  each  corresponding  to  a  specified 
combination  of  CL  and  X. 
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The  trends  in  the  strength  ratio,  S/o0,  with  flaw  size,  a,  and  the  strength 
ratio,  S/S0,  with  toughness,  (rs/r0)1/2  are  shown  in  Fig.  7.  Qualitatively,  the  curves 
exhibit  features  similar  to  those  corresponding  to  the  rectilinear  traction  law  (Fig.  5). 
The  main  difference  between  the  two  is  that  the  linear  softening  law  leads  to  lower 
strengths  for  small  values  of  (X  coupled  with  large  values  of  A .  In  the  limit  of  SSB, 
(a  »  1),  the  strength  depends  only  on  the  toughness  ratio,  rs/T0,  not  on  the  form  of 
the  traction  law. 

The  curves  in  Fig.  7  can  be  well  represented  by  the  fitting  formula 


1  + 


r 

-exp 

\ 


(25) 


! 

When  the  results  are  normalized  by  the  matrix  strength,  SG,  Eqn.  (25)  becomes 


(26) 


The  error  in  Eqns.  (25)  and  (26)  over  the  practical  range  of  0.02  <  A  <  0.2  and 
0  <  a  <  1  is  less  than  5%. 


4.  RELIABILITY 

In  addition  to  improving  the  strength  and  toughness  of  ceramics,  ductile 
particles  can,  in  some  instances,  improve  the  reliability  of  the  materials.  Reliability 
here  refers  to  the  sensitivity  of  the  strength  to  the  flaw  size,  rather  than  the  strength 
itself.  One  manifestation  of  this  sensitivity  is  the  breadth  of  the  strength 
distribution  that  corresponds  to  a  prescribed  flaw  size  distribution:  materials  whose 
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strengths  are  sensitive  to  flaw  size  tend  to  exhibit  broader  strength  distributions.  In 
this  context,  most  monolithic  ceramics  are  unreliable  since  their  strengths  are 
sensitive  to  flaw  size,  i.e.  strength  scales  with  ao‘172.  Consequently,  flaws  introduced 
during  processing  or  in  service  can  substantially  degrade  their  strength.  In  contrast, 
materials  that  exhibit  R-curve  behavior  tend  to  exhibit  narrower  strength 
distributions16'17,  an  attractive  feature  for  the  design  of  structural  components. 

To  demonstrate  the  degree  of  flaw  sensitivity  of  ductile  particle  reinforced 
ceramics,  the  results  of  Fig.  5(a)  (S/o0  vs.  (X)  have  been  re-plotted  in  Fig.  8(a)  using 
logarithmic  coordinates.  For  monolithic  ceramics  that  do  not  exhibit  R-curve 
behavior,  such  plots  are  linear  with  a  slope  of  -1/2.  In  contrast,  for  the  composites, 
there  are  three  regimes  of  behavior,  governed  mainly  by  the  value  of  a.  (i)  When 
the  flaws  are  very  small  (a  <  0.01),  the  strength  is  essentially  dictated  by  the  matrix 
toughness  and  is  given  by 


cr0  Vrax;  (27) 

In  this  regime,  the  relation  between  log  S /<50  and  log  a  is  linear  with  a  slope  of  -1/2, 
as  it  is  for  monolithic  ceramics.  This  trend  is  shown  by  the  dotted  lines  on  the  left 
side  of  Fig.  8(a).  (ii)  For  very  large  flaws  (a  >  1),  the  relationship  is  again  linear, 
only  now  it  is  dictated  by  the  steady  state  composite  toughness.  In  this  case,  the 
strength  is  obtained  from  the  SSB  solution  (Eqn.  (5a)).  This  trend  is  shown  by  the 
dashed  lines  on  the  right  side  of  Fig.  8(a).  (iii)  In  the  intermediate  regime 
(particularly  around  0.03  <  a  <  0.3),  the  sensitivity  of  strength  to  the  flaw  size  is 
substantially  lower,  as  manifest  in  the  reduction  in  the  slope  of  these  curves. 

One  parameter  that  can  be  used  to  characterize  the  degree  of  flaw  sensitivity 
of  such  composites  is  the  slope,  -d[log  (S/a0)]/d[log  a].  This  parameter  can  vary 
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between  0  and  1/2,  with  0  corresponding  to  the  most  desirable  behavior  (i.e.  flaw 
insensitive )  and  1/2  to  the  least  desirable  (i.e.  flaw  sensitive).  Fig.  8(b)  shows  the 
variation  in  this  parameter  with  flaw  size  for  the  results  of  Fig.  8(a).  The  figure 
shows  how  the  flaw  sensitivity  approaches  1/2  for  very  short  and  very  long  cracks, 
but  drops  to  substantially  lower  values  for  intermediate  crack  sizes.  With-  the 
intermediate  regime,  the  composites  would  be  expected  to  be  significantly  more 
reliable  than  monolithic  ceramics. 

The  results  of  Figs.  5  and  7  can  also  be  used  to  describe  the  strength 
distribution  corresponding  to  a  prescribed  flaw  size  distribution.  In  monolithic 
ceramics,  a  convenient  empirical  description  of  the  flaw  size  distribution  is  given  by 
the  Weibull  function 


P 


(28) 


where  P  is  the  cumulative  probability  of  flaws  having  size  greater  than  a  in  an 
elemental  volume,  V,  m  is  the  Weibull  modulus,  and  VD  and  aD  are  the  reference 
values  of  volume  and  flaw  size,  respectively.  The  corresponding  strength 
distribution  is  obtained  by  relating  the  crack  size  to  the  strength  via  the  Griffith 
equation.  For  ductile  particle  reinforced  ceramics,  Eqn.  28  can  be  re-expressed  in 
terms  of  the  normalized  flaw  size,  (X,  whereupon 


P 


-Vfa0Y^ 

1  -  exp  — - - 

VoVa; 


(29) 


where  (Xq  is  the  reference  flaw  size,  a<j,  normalized  by  80  E/ 00-  Equation  29  can  then 
be  combined  with  the  results  of  the  type  shown  in  Fig.  5  to  obtain  the  strength 
distribution  for  a  prescribed  flaw  distribution  (characterized  by  ac  and  m). 
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An  illustrative  example  for  m  =  5  and  0to  =  0.03  is  shown  in  Fig.  9.  Here  the 
dotted  and  dashed  lines  correspond  to  the  limiting  cases  described  for  Fig.  8.  In 
essence,  the  dotted  lines  represent  the  trends  expected  for  the  matrix  itself:  the 
relationship  is  linear  with  a  slope  of  2.303  m.  Similarly,  the  dashed  lines  can  be 
viewed  as  being  representative  of  the  behavior  of  a  monolithic  ceramic  with  a 
toughness  equivalent  to  the  steady  state  composite  toughness.  This  relationship  is 
also  linear  with  a  shape  of  2.303  m,  though  it  is  shifted  to  higher  values  of  strength. 
The  figure  indicates  that  the  main  role  of  the  crack  bridging  is  to  increase  the 
strength  of  the  largest  flaws,  reducing  the  failure  probability  at  low  stresses  relative 
to  that  of  the  matrix.  As  a  result,  the  strength  distribution  is  narrowed. 


5.  EFFECT  OF  INTERFACE  DEBONDING 

The  preceding  sections  have  described  the  effects  of  the  traction  law, 
characterized  by  the  parameters  C0  and  S0,  on  the  composite  strength,  without 
consideration  of  the  microstructural  origins  of  these  parameters.  It  has  been 
recognized,  however,  that  the  properties  of  the  particle-matrix  interface  play  a  key 
role  in  determining  the  values  of  these  parameters  [1,6,8].  Specifically,  strong 
interfaces  result  in  minimal  interface  debonding  during  crack  growth. 
Consequently,  the  particles  are  subjected  to  a  large  plastic  constraint,  leading  to  an 
elevation  in  the  peak  stress,  G0,  coupled  with  a  reduction  in  the  limiting  separation, 
80.  Conversely,  weak  interfaces  lead  to  large  debond  lengths  which  in  turn  reduce 
G0  and  increase  80.  In  addition,  the  steady  state  toughness  generally  increases  with 
increasing  debond  length*.  The  purpose  of  the  present  section  is  to  examine  the 


Tt  is  recognized  that  when  the  interfaces  are  extremely  weak,  the  particles  completely  debond  from 
the  matrix  and  no  toughness  enhancement  is  obtained.  This  limiting  case  is  not  considered  in  the  present 
study. 
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effects  of  interface  debonding  on  the  strength  of  such  composites.  It  will  become 
evident  that  there  exist  optimal  values  of  debond  length  that  maximize  composite 
strength. 

Here  the  traction  law  is  computed  using  a  geometric  necking  model  similar  to 
the  one  initially  developed  by  Mataga  [7 J.  It  is  assumed  that  the  particles  are  short 
circular  cylinders  oriented  perpendicular  to  the  crack  plane.  The  shape  of  the 
ligaments  during  deformation  is  taken  to  be  a  paraboloid  of  revolution,  and  the 
nominal  stress  computed  from  Bridgman's  solution  for  a  necking  bar  [15].  Details  of 
the  model  are  presented  in  the  Appendix.  The  corresponding  traction  law  is  then 
approximated  by  the  linear  softening  traction  law,  wherein  the  bridging  parameters 
G0  and  80  are  given  by 

5o/R  =  Fl  (// R)  =  4.256  H R  (30a) 

^  ■  F>a/R)  ■  'A87JW-2M4iHf  «» 

where  /  is  the  interface  debond  length,  R  is  the  particle  radius,  f  is  the  volume 
fraction  of  particles  and  Gy  is  the  yield  stress  of  the  particles.  The  effects  of  the 
normalized  debond  length,  l/R,  on  the  bridging  parameters  00  and  0o  are  shown  in 
Fig.  10.  An  example  of  the  traction  law  for  l/R  =  0.5  and  the  corresponding  linear 
approximation  are  shown  in  Fig.  11. 

The  steady  state  toughness  is  obtained  by  substituting  Eqn.  (30)  into  Eqn.  (3b), 
whereupon 


L 

rO 


(31) 
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Furthermore,  the  normalized  flaw  size  is  obtained  by  combining  Eqns.  (7),  (12b)  and 
(30),  resulting  in 


The  results  of  Eqns  (31)  and  (32)  are  then  combined  with  the  results  of  Fig.  7(b)  to  get 
the  composite  strength. 

The  variations  in  composite  strength,  S/Sc,  and  steady-state  toughness,  Fs/ro, 
with  debond  length,  t/R,  are  plotted  in  Fig.  11.  The  relevant  material  parameters 
were  selected  to  be  S0/fOy  =  1,  and  r0/fOyR  =  0.1  and  0.2.  The  curves  show  that  the 
steady  state  toughness  increases  monotonically  with  debond  length,  whereas  the 
strength  is  maximized  at  an  intermediate  value.  The  reduction  in  strength  beyond 
the  maximum  is  attributable  to  the  loss  in  plastic  constraint  associated  with 
increased  debonding. 


6.  CONCLUDING  REMARKS 

The  design  of  composite  microstructures  for  structural  applications  requires 
consideration  of  a  variety  of  composite  properties,  including  fracture  resistance, 
strength  and  reliability.  To  date,  most  studies  on  metal -reinforced  ceramics  have 
focused  on  the  effects  of  crack  bridging  on  fracture  resistance.  It  is  clear  that 
substantial  improvements  in  fracture  resistance  can  be  obtained  with  modest 
additions  of  ductile  particles.  Furthermore,  the  important  relationships  between 
fracture  resistance  and  the  parameters  characterizing  the  bridging  traction  law  (00 
and  80/  have  been  well  established1-7.  The  results  of  the  present  study  show  the 
relevant  trends  in  composite  strength  with  the  bridging  law  parameters,  using  two 
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bridging  laws  that  are  appropriate  to  ductile  particles.  The  effects  of  the  initial  flaw 
size  and  the  various  composite  properties  (e.g.  T0,  G0,  50,  E)  on  composite  strength 
can  be  incorporated  into  two  non-dimensional  parameters:  a  and  X.  Furthermore, 
the  composites  can,  in  some  instances,  be  considerably  more  flaw  tolerant  than 
monolithic  ceramics,  resulting  in  narrower  strength  distributions.  As  a  result,  the 
composites  may  be  good  candidates  for  applications  in  which  flaws  are  likely  to  be 
introduced  during  service  (e.g.  surface  abrasion  and  impact). 

The  results  for  composite  strength  have  also  been  combined  with  a  geometric 
necking  model  to  evaluate  the  role  of  the  interface  debond  length  on  the  composite 
strength  and  toughness.  The  steady  state  toughness  increases  monotonically  with 
debond  length,  whereas  the  strength  is  maximized  at  an  intermediate  value  of 
debond  length.  Such  calculations  could  be  used  in  the  design  of  composites  with 
prescribed  combinations  of  fracture  properties,  i.e.  strength  and  toughness. 

Two  cautionary  notes  regarding  the  use  of  the  present  results  should  be  made. 
The  first  pertains  to  the  assumption  that  the  bridging  tractions  associated  with  the 
particles  can  be  smeared  out  over  the  crack  faces.  This  assumption  is  valid  only 
when  both  the  initial  flaw  size  and  the  degree  of  crack  growth  through  the 
composite  are  large  in  relation  to  the  spacing  between  the  particles.  Otherwise,  an 
alternate,  more  detailed  approach  is  needed  to  model  the  process  of  crack  bridging. 
Secondly,  in  comparing  the  strength  of  the  composite  with  that  of  the  matrix,  it  has 
been  assumed  that  the  flaw  populations  in  the  two  are  the  same.  However, 
composite  materials  are  generally  more  difficult  to  process  than  monolithic 
ceramics;  consequently,  there  is  a  tendency  for  producing  larger  flaws  within  the 
composites.  Such  effects  need  to  be  considered  in  comparing  the  strength 
characteristics  of  the  composites  with  those  of  the  matrix. 
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APPENDIX 

Here  details  of  the  geometric  necking  model  are  presented.  The  flow 
behavior  of  the  particles  is  assumed  to  obey  the  power  hardening  law 

Of/Oy  =  ( t/ty  )  (Al) 


where  Of  is  the  flow  stress,  n  is  the  hardening  exponent,  ard  Oy  and  £y  are  the  yield 
stress  and  yield  strain,  respectively.  Assuming  the  shape  of  the  cylinders  to  be  a 
paraboloid  of  revolution,  the  relationship  between  the  bridging  traction  O  and  the 
crack  opening  5  can  be  written  as  [7] 


o  =  foy  (1  -  p)2  [-f?n(l  -  p)]n 


n 

U'f 

C 

^s> 

- 1 

M 
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h— » 
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co2(p) 
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6  =  24o>(p)-l]/ 


(A3) 


with  co(p)  = 


’  4  82 

1 — p  + — p 

3k  15 H 


-l 


(A4) 


where  f  is  the  volume  fraction  of  particles,  i  is  the  interface  debond  length,  R  is  the 
particle  radius,  and  p  is  a  non-dimensional  parameter  in  the  range  0  <  p  <  1 . 

The  traction  law  defined  by  Eqns.  (A2)  to  (A4)  has  been  evaluated  for  debond 
lengths  in  the  range  0  <  i/R  <  0.5,  using  n  =  0.25  and  ey  =  0.003.  The  resulting 
curves  were  subsequently  approximated  by  the  linear  softening  traction  law,  with  oD 
taken  as  the  peak  value  of  G,  and  80  taken  as 

80  =  2w/o0  (A5) 


7F:MS26(February  12,  1993)/9:2Q  AM/mef 


26 


where  w  is  the  area  under  the  0  vs.  S  curve.  One  example  of  a  traction  law  obtained 
using  the  geometric  model  and  the  corresponding  linear  approximations  is  shown 
in  Fig.  11.  The  bridging  parameters  0O  and  50  so  obtained  are  plotted  against  the 
debond  length,  1/ R,  in  Fig.  10.  The  curves  have  then  been  approximated  by  the 
expressions  in  Eqn.  (30). 
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FIGURE  CAPTIONS 

Fig.  1  Schematic  diagrams  showing  (a)  crack  bridging  by  ductile  particles,  and 
(b)  the  corresponding  fracture  resistance  curve. 

Fig.  2  Schematic  representations  of  the  bridging  traction  laws  and  the  linear 
approximations. 

Fig.  3  A  bridged  mode  I  crack  in  an  infinite  body. 

Fig.  4  (a)  Trends  in  applied  stress  with  crack  extension  for  a  composite  with  a 

rectilinear  traction  law.  (b)  The  combinations  of  (X  and  X  for  which  af  =  ac. 

Fig.  5  (a)  Effect  of  the  initial  flaw  size,  a,  on  the  composite  strength  (rectilinear 

traction  iaw).  (b)  The  results  of  (a)  re-plotted  to  show  the  relationship 
between  strength  and  steady  state  toughness.  Note  that  the  SSB  solution 
provides  a  good  approximation  when  a  is  large  (>  1),  but  strongly 
overestimates  the  results  when  a  is  small. 

Fig.  6  Trends  in  applied  stress  with  crack  extension  for  a  composite  with  a  linear 
softening  traction  law.  (Note  that  o/O0  reaches  its  maximum  before  the 
onset  of  particle  rupture). 

Fig.  7  (a)  Effect  of  the  initial  flaw  size,  a,  on  the  composite  strength  (linear 

softening  traction  law),  (b)  The  results  of  Fig.  7(a)  re  plotted  to  show  the 
relationship  between  strength  and  steady  state  toughness. 

Fig.  8  The  results  of  Fig.  5(a)  plotted  in  logarithmic  coordinates.  The  dotted  lines 
are  the  predictions  of  Eqn.  (27)  and  the  dashed  lines  of  Eqn.  (5a).  (b) 

Variation  in  flaw  sensitivity  with  flaw  size  for  the  two  curves  shown  in  (a). 

Fig.  9  Effects  of  crack  bridging  on  the  composite  strength  distribution. 
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Fig.  10  Effects  of  debond  length  on  the  bridging  parameters.  The  symbols  represent 
the  results  of  the  linear  softening  approximations;  the  lines  are  given  by 
Eqn  (30). 

Fig.  11  A  comparison  of  the  traction  law  computed  from  the  geometric  necking 
model  (Appendix)  and  the  corresponding  linear  approximation.  (l/R  =  0.5). 

Fig.  12  Effects  of  debond  length,  l/R,  on  the  composite  strength  and  steady  state 
toughness. 
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ABSTRACT 


Tension  experiments  performed  on  a  0/90  laminated  SiC/CAS 
composite  at  room  temperature  establish  that  this  material  is  notch 
insensitive.  Multiple  matrix  cracking  is  determined  to  be  the  stress 
redistribution  mechanism.  This  mechanism  is  found  to  provide  a  particularly 
efficient  means  for  creating  local  inelastic  strains,  which  eliminate  stress 
concentrations. 
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1.  INTRODUCTION 


One  of  the  most  important  attributes  of  ceramic  matrix  composites 
(CMCs)  is  the  existence  of  mechanisms  that  redistribute  stress  at  strain 
concentration  sites,  such  as  notches  and  holes.1'5  These  mechanisms  involve 
matrix  cracking  as  well  as  fiber  pull-out  and  bridging.  The  basic  stress 
redistribution  phenomena  are  manifest  as  three  classes  of  behavior  (Fig.  1), 
each  associated  w’th  different  contributions  of  matrix  cracking  and  fiber  pull¬ 
out.2'0  Class  I  behavior,  dominated  by  fiber  bridging  and  pull-out,  has  been 
extensively  documented  and  characterized  through  the  development  of  large 
scale  bridging  models1'5'7'8  (LSBM).  Class  III  systems  redistribute  stress  by 
shear  band  formation.  This  phenomenon  has  also  been  analyzed9'10  and 
related  to  the  in-plane  shear  strength  of  the  material.  Class  II  behavior  has 
received  least  attention,  and  yet,  appears  to  be  the  most  effective  means  of 
stress  redistribution.4  The  underlying  phenomenon  is  the  occurrence  of 
multiple  matrix  cracks,  with  minimal  accompanying  fiber  failure.  The  intent 
of  the  present  article  is  to  study  matrix  cracking  and  stress  redistribution 
around  strain  concentration  sites  in  a  class  n  system.  Moreover,  it  has  been 
proposed  that  continuum  damage  mechanics  (CDM)  may  be  useful  for 
characterizing  stress  redistribution  in  such  materials.2'12  The  present  results 
may  provide  perspective  on  the  potential  for  CDM  as  an  analysis  procedure. 

The  material  of  choice  is  a  Nicalon™  silicon  carbide  fiber  in  a  calcium 
alumino  silicate  glass  ceramic  matrix  (SiC/CAS)  material.13  The  material  is  in 
the  form  of  a  0/90  laminate.  The  tensile  characteristics  and  the  constituent 
properties  are  described  elsewhere11'14'15  (Fig  2).  In  tit:  material,  the  matrix 
crack  spacing  in  the  0’  plies  changes  with  stress11'14  (Fig.  3)  in  a  manner  that 
fundamentally  governs  stress  redistribution. 
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2.  EXPERIMENTAL  APPROACH 
2.1  Material 

Plates  of  the  SiC/CAS  composite  were  provided  by  Corning.53  The 
material  was  laid  up  in  a  0/90  laminate  structure  with  a  nominal  fiber 
volume  fraction,  /  =  0.36,  and  a  fiber  fraction  aligned  in  each  of  the  two 
principle  axes,  f,  =  0.18.  The  laminate  structure  consisted  of  16  alternating  0°, 
90°  layers  with  a  double  90°  center  layer.  The  structure  was  densified  by  a  hot 
pressing  technique.  After  densification,  the  total  thickness  of  the  composite 
was  ~  3  mm.  Optical  microscopy  established  that  the  average  thickness  of  each 
ply  to  be  =  180  Jim. 

2.2.  Test  Procedures 

Tensile  specimens  with  a  variety  of  holes  and  notches,  located  at  both 
the  center  and  the  edges  (Fig.  4),  were  cut  from  the  plates  by  diamond 
machining.  The  ratio  of  the  notch  length  to  the  sample  width  (a0/b)  was 
varied  between  0.25  and  0.75.  The  specimens  were  then  polished  to  remove 
surface  irregularities  and  to  reveal  the  first  underlying  fiber  layer  in  the 
composite.  Tensile  tests  were  performed  on  these  specimens,  by  using 
gripping  and  alignment  procedures  described  in  other  articles.10'1! 

The  tensile  tests  were  carried  out  on  a  servohydraulic  load  frame.  Strain 
gages  were  used  to  measure  localized  strains  at  the  notch  tip  and  in  the  far 
field.  In  some  cases,  the  specimens  were  monotonically  loaded  to  failure,  in 
order  to  document  the  influence  of  the  notch  on  the  ultimate  tensile  strength 
(UTS),  designated  S*.  In  other  cases,  the  tests  were  interrupted  at  various 
fractions  of  the  UTS,  whereupon  several  measurements  and  observations 
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were  made  concerning  matrix  crack  accumulation,  as  well  as  stress 
redistribution. 

Matrix  crack  measurements  were  accomplished  by  using  a  surface  replica 
technique  that  duplicated  the  topography  of  the  specimen  surface.  Stress 
redistribution  was  assessed  using  thermoelastic  measurements,  by  means  of  a 
technique  involving  stress  pattern  analysis  through  thermal  emission 
(SPATE).4  In  this  technique,  temperature  gradients  produced  by  cycling  the 
stress  between  1.5  and  40  MPa  at  10  Hz  are  measured  and  related  to  the  first 
stress  invariant,  (Jkk 

Some  tensile  experiments  were  performed  with  sequential,  repeated  load 
cycling,  subject  to  full  unloading  and  reloading.  The  properties  of  the 
interface  and  the  misfit  strain  were  obtained  from  the  associated  hysteresis 
loops  and  the  permanent  strain.15'1^  7,18  Finally,  measurements  of  fiber  pull¬ 
out  were  made  using  scanning  electron  microscopy  (SEM)  on  the  failure 
plane. 


3,  RESULTS 

3.1  Monotonic  Loading 

Stress/strain  curves  obtained  from  edge-notched  specimens  revealed 
appreciable  non-linearity  before  failure  (Fig.  2b).  This  non-linearity  also 
coincided  with  an  increase  in  compliance.  The  ultimate  tensile  strength 
(UTS)  data  are  presented  in  terms  of  the  ratio  of  the  notched  UTS,  designated 
S*,  to  the  unnotched  UTS,  designated  S.  This  ratio  is  plotted  as  a  function  of 
the  relative  notch  width,  a0/b.  The  results  are  summarized  in  Fig.  4.  It  is 
evident  from  these  results  that  the  0/90  SiC/CAS  material  exhibits  notch 
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'nsensitive  behavior -1  In  fact,  there  is  evidence  that  some  notch  strengthening 
may  be  occurring. 

3.2  Damage  Observations 

Measurements  of  matrix  cracks  (Fig.  5)  taken  from  samples  tested  to 
failure,  as  well  as  from  the  replicas,  indicate  a  relatively  high  crack  density 
close  to  the  notch  root.  Generally,  cracks  first  appear  at  the  notch  root  (Fig.  6). 
Then,  as  the  load  increases,  the  density  of  cracks  increases.  Thereafter,  some  of 
the  cracks  extend  throughout  the  cross  section.  Eventually,  the  saturation 
crack  spacing  is  approached  near  the  notch  root.  The  final  average  crack 
spacing  decreased  as  the  ratio  ao/b  increased,  such  that  the  crack  density  in  the 
specimen  with  aG/b  =  0.75  most  closely  resembled  that  found  in  an 
uruiotched  tensile  specimen  after  testing. 

SPATE  measurements  revealed  an  initial  stress  concentration  at  the 
notch  root  (Fig.  7  ),  which  diminished  as  matrix  cracks  appeared.  These 
measurements  relate  to  the  matrix  cracks,  which  generate  a  compliance 
gradient,4  that  lowers  the  stress  concentration,  as  well  as  redistributing  the 
stress  across  the  remaining  section.  A  comparison  of  SPATE  line  scans  with 
acetate  replicas  taken  at  the  same  damage  level  (Fig.  8)  provides  striking 
evidence  of  the  effect  of  multiple  matrix  cracking. 

The  fiber  pull-out  measurements  and  the  hysteresis  loop  data  (Figs.  9 
and  10)  can  be  used  to  provide  information  about  the  interface  sliding  stress, 
t,  and  the  residual  stress,  q.11' 14,16-18  The  sliding  stress  obtained  from  these 
measurements  (X  =  20  MPa)  is  in  reasonably  good  agreement  with  the  values 
previously  reported  for  this  material.11'14  However,  the  permanent  strains 
suggest  a  residual  stress,  q  =  30  MPa,  somewhat  lower  than  that  found 
previously.11'14  This  difference  reflects  changes  in  processing  conditions. 
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4.  DISCUSSION 


All  of  the  above  results  indicate  that  the  0/90,  SiC/CAS  behaves  as  a 
notch  insensitive  material  in  tension  at  room  temperature.  The  most  direct 
evidence  is  given  by  the  trend  in  the  UTS  with  notch  size  (Fig.  4). 
Confirmatory  evidence  is  provided  by  the  crack  density  distribution,  as  well  as 
the  SPATE  results. 

The  crack  density  within  the  0°  plies  may  be  approximately  related  to  the 
Oyy  stress  in  those  plies,  in  accordance  with  the  curve  shown  in  Fig.  3. 
Notably,  the  crack  density  measured  around  the  notch  (Fig.  6)  may  be  used 
with  Fig.  3  to  estimate  the  Gyy  stress  distribution.  The  results  (Fig.  11)  confirm 
that  the  stress  concentration  is  small  prior  to  failure. 

The  SPATE  measurements  (Fig.  7)  reflect  the  influence  of  the  matrix 
cracks  on  the  elastic  stiffness  of  the  material  around  the  notch.4  The  gradient 
in  stiffness  caused  by  these  cracks  allows  the  stress  to  redistribute  and 
eventually  become  uniform  across  the  net  section.  Thus,  the  change  in  the 
SPATE  line  scans  with  peak  load  provide  an  excellent  qualitative  picture  of 
how  the  tensile  stresses  are  being  redistributed  across  the  net  section. 
However,  as  yet,  they  cannot  be  used  to  accurately  measure  the  magnitude  of 
those  stresses. 


5.  CONCLUSION 

Some  simple  experiments  have  been  performed  which  vividly 
demonstrate  that  a  0/90  SiC/CAS  composite  is  notch  insensitive  in  tension  at 
room  temperature.  The  behavior  is  related  to  the  inelastic  strains  (Fig.  2)  that 
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arise  from  matrix  cracking  (Fig.  3),  which  redistribute  stress  around  notches. 
The  matrix  cracking  mechanism  appears  to  be  particularly  efficient  for  this 
purpose,  because  stress  concentrations  can  be  completely  eliminated,  even 
though  the  ductility  is  small,  <1%  (Fig.  2).  Since  the  matrix  crack  density  is 
relatively  high  at  strain  concentration  sites,  it  should  be  possible  to  develop  a 
mechanism-based  CDM  approach12  which  could  be  used  to  predict 
redistribution  effects.  The  available  matrix  cracking  models,17*1 8,19  combined 
with  the  constituent  properties  should  be  suitable  for  this  purpose. 
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FIGURE  CAPTIONS 


Fig.  1.  The  mechanisms  of  fiber  pull-out  and  matrix  cracking  that  lead  to 
stress  redistribution  in  CMCs  are  identified  with  3  classes  of 
behavior. 

Fig.  2.  Tensile  stress-strain  curve  for  0/90  laminated  SiC/CAS  composite 
indicating  unload-reload  hysteresis  loops,  (a)  schematic, 
(b)  experimental  results. 

Fig.  3.  The  trend  in  crack  density  with  stress  for  the  0°  plies  with  applied 
stress  for  0/90  SiC/CAS. 

Fig.  4.  Effect  of  notch  size  on  relative  UTS,  indicating  that  SiC/CAS  is  notch 
insensitive  in  tension  at  room  temperature.  The  inset  shows  a 
schematic  of  the  test  specimen. 

Fig.  5.  A  replica  showing  the  matrix  cracks  that  occur  between  two  edge 
notches  . 

Fig.  6.  The  crack  density  as  a  function  of  distance  from  the  notch  at  differing 
levels  of  net  section  stress,  for  a  specimen  with  edge  notches, 
ao/b  =  0.5. 

Fig.  7.  Typical  results  of  SPATE  measurements:  (a)  full-field  temperature 
distributions  before  and  after  matrix  cracking  (b)  Line  scans  through 
the  notches  at  various  damaging  loads  shows  the  effect  of  applied 
stress  on  the  distribution  of  Okk  between  the  notches  after  loading  to 
0.7  UTS. 

Fig.  8.  A  comparison  of  SPATE  images  at  several  loads  with  the  replicas 
taken  at  the  same  loads.  The  replicas  record  the  crack  density  at  each 
damage  level,  while  SPATE  images  reveal  the  hydrostatic  stress 
distribution. 

Fig.  9.  Fiber  pull-out  distribution  measured  from  the  failure  plane 
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Fig.  10.  Hysteresis  loop  data  presented  as  a  function  of  the  peak  stress  with 
the  predicted  line  for  T  =  20  MPa  indicated. 

Fig.  11.  Estimate  of  the  distribution  of  Gyy  stresses  between  the  notches  based 
upon  crack  density  measurements  (Fig.  3).  Results  shown  for  two 
levels  of  net  section  stress. 
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ABSTRACT 


Fiber  reinforced  ceramic  matrix  composites  depend  upon  inelastic 
mechanisms  to  diffuse  stress  concentrations  associated  with  holes,  notches  and 
cracks.  These  mechanisms  consist  of  fiber  debonding  and  pullout,  multiple 
matrix  cracking  and  shear  band  formation.  In  order  to  understand  these  effects, 
experiments  have  been  conducted  on  several  double-edge-notched  CMC's  that 
exhibit  different  stress  redistribution  mechanisms.  Stresses  have  been  measured 
and  mechanisms  identified  by  using  a  combination  of  methods  including:  x-ray 
imaging,  edge-replication  and  thermoelastic  analysis.  Multiple  matrix  cracking 
was  found  to  be  the  most  effective  mechanism. 
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1.  INTRODUCTION 


One  of  the  major  attributes  of  fiber  reinforced  ceramic  matrix  composites 
(CMC's)  is  the  existence  of  inelastic  mechanisms  that  allow  stress  redistribution 
around  strain  concentration  sites  such  as  notches,  holes,  attachments,  etc.1-4 
These  mechanisms,  analogous  to  plasticity  in  metals,  involve  combinations  of 
matrix  cracking  and  fiber  pull-out.1 '6-10  in  the  presence  of  notches  and  holes, 
three  damage  phenomena  have  been  found,  based  on  matrix  cracking  and  fiber 
pull-out  (Fig  1).  Others  may,  of  course,  exist.  The  operative  damage  class 
depends  on  the  magnitudes  of  non-dimensional  parameters  which  combine 
interface,  fiber,  and  matrix  properties.1'7-8'10  The  intent  of  the  present  article  is 
to  provide  an  experimental  assessment  of  stress  redistribution  effects  around 
notches  in  CMC's  that  exhibit  these  damage  phenomena. 

CMC's  exhibit  a  variety  of  tensile  (Fig  2a)  and  shear  (Fig  2b)  stress/strain 
curves,1'10'14  with  varying  amounts  of  inelastic  strain  prior  to  failure.  One 
purpose  of  the  present  study  is  to  attempt  to  relate  features  of  the  inelastic  strain 
measured  in  tensile  and  shear  tests  to  the  stress  redistribution  behavior.  This 
would  be  achieved  through  an  understanding  of  the  inelastic  mechanisms  and 
their  role  in  governing  the  dominant  mode  of  damage  (Fig  1). 

The  importance  of  stress  redistribution  is  manifest  in  the  notch  sensitivity, 
which  is  a  key  factor  affecting  the  practical  utility  of  a  structural  material.  ]1-12 
Notches  and  holes  are  a  source  of  strain  concentration.  The  corresponding  stress 
concentration  depends  upon  the  material  response.  One  limit  obtains  for  elastic 
materials.  In  such  materials,  the  stress  concentrations  are  severe,  resulting  in 
extreme  notch  sensitivity.  When  inelastic  mechanisms  operate,  the  stresses 
redistribute  in  regions  of  large  strain  concentration  and  reduce  the  notch 
sensitivity.  In  some  cases,  the  stress  concentration  can  be  completely 
eliminated,  resulting  in  a  notch  insensitive  material.3-13  More  generally,  the 
behaviors  can  be  presented  on  a  notch  sensitivity  diagram11-12  (Fig.  3).  In  this 
diagram,  the  ordinate  is  a  measure  of  the  tensile  strength  normalized  by  the  un¬ 
notched  strength,  while  the  abscissa  is  the  notch /hole  size  (2ao)  relative  to  the 
plate  width  (2b).  Each  line  represents  a  measure  of  the  inelastic  displacement 
permitted  by  the  material  near  the  notch  tip,  prior  to  failure.  This  measure  is 
given  by  the  ratio  of  the  notch  length  to  the  length  of  the  inelastic  zone.11 

Related  stress  redistribution  mechanisms  are  known  to  occur  in  polymer 
matrix  composites  (PMC's),  particularly  upon  cyclic  loading.  13’21  Studies  on 
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PMCs  have  established  a  precedent  for  a  test  methodology15'21  that  can  be  used 
to  monitor  damage  in  CMCs  and  thereby  measure  effects  on  the  stress 
distribution.  The  methods  include  the  use  of  Moire  interferometry  to  measure 
strain  distributions,  thermoelastic  measurements  to  assess  stress  distributions,15' 
19  x-ray  imaging  with  dye  penetration  to  highlight  damage,  and  replication 
methods  to  examine  matrix  cracking.15'21  All  of  these  methods  may  be 
augmented  by  conventional  optical  and  scanning  electron  microscopy.  In  the 
present  study,  a  combination  of  these  methods  is  used  to  study  stress 
redistribution  in  three  CMCs:  SiC/CAS,  C/C  and  SiC/SiC. 

The  experimental  procedure  given  principal  emphasis  is  the  thermoelastic 
emission  method,  which  provides  a  measure  of  the  stress  distribution. 15-19,22-25 
A  brief  synopsis  of  this  method  is  given  in  the  next  section,  prior  to  a  description 
of  the  experiments  and  their  analysis. 


2.  STRESS  ANALYSIS  BY  THERMOELASTIC  EMISSION 


Stress  Pattern  Analysis  from  Thermoelastic  Emission  (SPATE  )  is  a 
technique  that  relates  instantaneous  changes  in  the  hydrostatic  stress  at  any 
location  in  a  material  to  instantaneous  changes  in  local  temperature.22*25  The 
method  has  been  used  extensively  to  evaluate  stress  distributions  in  monolithic 
metals  and  polymer  matrix  composites.15*19  The  underlying  phenomenon 
concerns  the  temperature  change  that  occurs  when  an  elastic  body  is  subjected  to 
hydrostatic  deformation  under  adiabatic  conditions.  The  fundamental 
thermodynamic  relation  for  the  temperature  change  T  and  its  dependence  on  the 
hydrostatic  stress  rate  a,  is  given  by  (see  Appendix):22*29 


o  =  -Km0  1  + 


PoCv 


fCnP^To 


(1) 


where  Km  is  the  isothermal  bulk  modulus,  Cv  is  the  specific  heat  at  constant 
volume,  p  is  the  bulk  thermal  expansion  coefficient,  po  is  the  density,  and  To  is 
the  mean  temperature. 
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The  sum  in  parentheses  is  dominated  by  the  second  term,  resulting  in  the 
approximation. 


<*kk  =  - 


poCv  .j, 

PTo 


(2) 


Typically,  the  material  constants  are  combined  to  define  a  thermoelastic 
'constant,'  k  given  by. 


PoCv  (3) 

In  the  SPATE  method  a  sinusoidal  stress  input  is  used,  which  creates  a  thermal 
response  at  both  the  first  and  second  harmonics  .  For  materials,  such  as  CMC’s, 
the  modulus  is  a  weak  function  of  temperature.  Upon  applying  a  cyclic 
hydrostatic  stress  amplitude,  Aokk/  the  temperature  change,  AT,  at  the  first 
harmonic,  is  given  by,20*25 

AT  =  xToAosin  (o)t)  (4) 

where  co  is  the  frequency  and  t  is  time.  A  key  feature  of  the  SPATE  procedure  is 
that  the  spatial  variation  in  temperature,  T(x,y),  relates  to  the  hydrostatic  stress 
distribution.  Aafoy).^  Moreover,  when  matrix  damage  occurs,  the  properties 
which  influence  k,  (namely  po,  Cv,  and  P)  are  unchanged  and  eqn  (4)  still  applies. 

For  typical  values  of  the  strain  range,  the  temperature  changes  expected 
for  CMC's  are,  at  most,  »  0.1°C.  Very  sensitive  measurements  are  thus  required. 
Furthermore,  to  satisfy  the  adiabatic  assumption,  the  thermometry  must  be  in 
thermal  equilibrium  with  the  test  specimen. 


^  For  a  composite,  the  materia]  constants  that  relate  stress  and  temperature  involve  combinations  of  the 
properties  of  the  fiber  and  the  matrix,  leading  to  anisotropy  in  the  thermoelastic  ‘constant’,  k.  The 
magnitude  can  be  obtained  either  by  calibration  or  calculation.  2223 
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To  satisfy  these  requirements,  recent  experimental  techniques  use  the  principal  of 
black  body  radiation  and  infrared  thermomery,  wherein  the  photon  flux  is 
measured  by  a  detector  sensitive  to  infrared  radiation. *22,23  jn  practice,  the 
detector  response  is  the  sum  of  the  emitted  photons  and  the  background. 
Improvements  in  signal  to  noise  are  made  by  averaging  the  sample  many  times 
at  a  given  location.  This  is  accomplished  by  locking  the  detector  data  acquisition 
onto  the  frequency  of  the  applied  cyclic  strain.  A  commercial  system  which 
embodies  these  concepts1-  has  been  used  to  measure  the  photon  flux  emitted 
from  the  test  specimens.  The  system  consists  of  a  mercury  doped  CdTe  detector 
affixed  to  a  liquid  nitrogen  cooled  dewar.  ^h^  detector  is  housed  within  a 
camera  body  to  reduce  the  effect  of  spurious  radiation.  A  collimator  and  lenses 
at  the  inlet  to  the  camera  body  focus  the  emitted  IF.  onto  the  detector.  The 
collimated  infrared  issues  from  a  location  on  the  specimen  of  either  200  or  400 
micron  diameter  at  a  working  distance  of  25cm,  and  can  detect  temperature 
differences  as  small  as  0.001°C.  Before  testing,  specimens  are  coated  with  a  thin 
layer  of  commercial  flat  black  paint  to  provide  uniform  emission  from  the  sample 
surface.  Background  IR  is  reduced  by  placing  a  flat  black  card  behind  the 
specimen. 

The  experiments  are  conducted  by  applying  a  10Hz,  uniaxial  cyclic  load, 
creating  a  10Hz  fluctuation  in  the  thermoelastic  response.  The  frequency  is 
chosen  to  minimize  the  effects  of  tuermal  conduction  from  the  measurement  zone 
during  the  measurement  time,  thereby  creating  adiabatic  conditions.22-23  The 
maximum  load  is  usually  chosen  to  correspond  to  a  stress  less  than  the  elastic 
limit,  while  the  minimum  is  chosen  to  ensure  specimen  alignment.  A  lock-in 
amplifier  controls  the  data  acquisition  system  by  locking  the  detector  output  to 
the  frequency  of  the  applied  load.  The  phase  lag  is  automatically  adjusted  by 
locking  into  the  peak  signal  difference  at  the  test  frequency.  Locking  into  the 
applied  cyclic  load  performs  two  basic  functions:  It  correlates  the  thermal  signal 
to  the  applied  stress,  and  it  eliminates  the  effect  of  absolute  temperature  changes 
that  may  be  occurring  in  the  specimen. 


*  Typical  IR  detectors  have  a  band  gap  of  -  O.leV,  corresponding  to  photon  wavelengths  <14  microns, 
t  SPATE  9000  IR  imaging  system  by  Omeiron 
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3.  EXPERIMENTAL  PROCEDURES 


Double  edge-notched  test  coupons  were  fabricated  from  panels  of  0/90 
composites:  C/C,  SiC/SiC  and  SiC/CAS.  These  materials  and  their  properties 
are  described  elsewhere  and  summarized  in  figure  3.  Notches  were  cut  into  the 
sides  by  using  a  diamond  blade,  resulting  in  a  nominal  notch  root  radius  of  50 
microns,  and  having  relative  notch  depths,  ao/b  =  0.5.  Alu.ninum  tabs  were 
bonded  onto  the  ends  of  the  test  coupons  for  gripping  purposes.  The  specimens 
were  aligned  and  clamped  using  hydraulic  grips.  A  strain  gage  was  attached  at  a 
location  remote  from  the  reduced  section,  in  order  to  allow  monitoring  of  the  far 
field  strain.  The  strain  gage  was  connected  to  a  dynamic  strain  amplifier,  the 
output  of  which  was  used  to  calibrate  the  thermal  emission. 

Each  test  was  interrupted  at  various  points  along  the  stress-strain  history 
in  order  to  assess  the  stress  distribution,  as  well  as  the  development  of  damage 
around  the  notches.  Stress  redistribution  was  quantified  using  the  thermoelastic 
emission  procedures  described  above.  Damage  was  characterized  using  both 
radiographic  procedures  and  acetate  tape  replicas.  The  radiographs  were 
obtained  as  follows:  While  urder  load,  e  zinc  iodide  penetrant  was  dispersed 
onto  the  specimen.  The  specimens  were  then  unloaded,  removed  from  the  grips, 
and  placed  into  an  x-ray  system.  The  penetrant  enters  into  the  damaged  region 
and  provides  absorption  contrast  for  an  x-ray  image  of  the  damaged  region. 

Acetate  replicas  were  obtained  while  the  load  was  maintained  in  order  to 
hold  the  matrix  cracks  open.  Sections  of  replication  tape  were  cut  and  held  over 
the  notch  root  region,  and  a  small  amount  of  acetone  applied  above  the  tape. 
The  replicas  were  dried,  removed  an  i  examined  using  optical  microscopy. 

4.  RESULTS 

4.1  SPATE  Calibration 

Before  proceeding  with  measurements,  a  SPATE  calibration  experiment 
was  conducted  on  an  edge  notched  steel  specimen.  A  low  resolution  full  field 
scan  (Fig  4)  combined  with  line  scans  demonstrates  the  thermal  response.  For 
purposes  of  analysis,  the  temperature  field  is  calibrated  to  the  strain  gage 
response  in  the  far  field  by  comparing  thermoelastic  and  strain  gage  signals  and 
adjusting  the  SPATE  output  accordingly.  Several  items  are  notable:  (i)  The 
specimen  was  not  perfectly  aligned,  resulting  in  bending  stresses.  This  is  evident 
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from  the  slope  of  the  line  scans  through  the  far  field,  (ii)  Fluctuations  in  the  far 
field  signal  (10%  of  the  signal)  arise  from  polishing  scratches,  variations  in 
surface  emissivity,  and  thermal  fluctuations  in  the  background,  (iii)  Edge  effects 
appear  on  scans  made  in  the  vicinity  of  the  notch  and  at  the  sample  edges.  The 
consequence  is  that  a  finite  edge  region,  approximately  400gm  in  width,  cannot 
be  analyzed.  The  edge  effect  arises  for  two  reasons:  First,  when  scanning  near  an 
edge,  the  detector  spot  is  partially  off  the  specimen.  Second,  as  the  specimen  is 
cyclically  loaded,  the  edges  of  the  notch  move  relative  to  the  detector. 

Stress  concentration  factors  are  derived  from  the  temperature 
measurements  by  comparing  the  temperatures  at  the  notch  root  with  the 
temperature  in  the  far-field,  which  relates  directly  to  the  known  far  field  stress. 
For  this  purpose,  it  is  recalled  that  the  SPATE  signals  relate  to  the  hydrostatic 
stress.  Finite  element  solutions  (Fig  5)  reveal  that  the  stresses  are  virtually 
uniaxial**  within  one  notch  width  of  the  root.  Furthermore,  measurements  made 
in  this  location  ^•re  unaffected  by  the  edge  effect.  Consequently,  it  is 
straightforward  to  relate  the  temperature  measured  in  this  region  to  the  far  field 
temperature  in  order  to  evaluate  the  concentration  of  Oyy  stress  near  the  notch. 
The  experimental  values  of  Oyy  measured  at  this  location  are  superposed  onto 
the  finite  element  results  (Fig  5).  Upon  noting  that  the  spot  size  is  400gm,  it  is 
apparent  that  the  SPATE  measurement  gives  satisfactory  estimates  of  the  stress 
concentration. 

4.2  CMC  Measurements 

Measurements  made  on  the  notched  C/C  material  provide  a  sequence  of 
SPATE  images  (Fig  6a),  obtained  at  several  prior  peak  load  levels.  These  are 
accompanied  by  radiographic  images  of  the  same  specimens,  (Fig  6b).  This 
material  develops  shear  bands  perpendicular  to  the  notch  which  are  comprised 
of  multiple  matrix  cracks  in  a  manner  characteristic  of  a  Class  III  system  (Fig  1). 
Both  SPATE  and  radiographic  images  illustrate  this  effect.  The  low  resolution 
SPATE  scan  (Fig  6c)  reveals  a  dramatic  elongation  in  the  notch  root  field, 
coincident  with  the  development  of  the  shear  bands.  Such  bands  form  in  this 
composite  because  of  its  relatively  low  shear  strength  (Fig  2b).  A  sequence  of  line 
scans  connecting  the  notches  (Fig  7)  establish  that  there  is  a  reduction  in  the 
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magnitude  of  the  notch  root  temperature  as  the  shear  bands  extend. 
Furthermore,  there  is  a  decrease  in  the  temperature  gradient,  consistent  with 
stress  redistribution  across  the  net  section.  The  results  are  further  quantified  by 
plotting  a  measure  of  the  stress  concentration  factor  (SCF)  as  a  function  of  shear 
band  length  (Fig  8).  This  SCF  is  defined  as  the  ratio  of  the  temperature  along  the 
notch  plane,  measured  400gm  from  the  notch  root,  to  the  far  field  temperature. 
As  noted  above,  the  stress  at  this  location  near  the  notch  should  be  largely 
uniaxial.  Consequently,  this  ratio  of  temperatures  is  a  measure  of  the  oy\  stress 
concentration  ahead  of  the  notch.  It  is  evident  that  this  SCF  diminishes  as  the 
shear  band  length  increases,  consistent  with  finite  element  calculations  2  (fig  9). 

A  similar  series  of  experiments  conducted  on  the  SiC/CAS  material 
revealed  different  characteristics  (figs  10-11).  The  SPATE  images  (fig  10)  indicate 
that  the  zone  of  highest  temperature  moves  away  from  the  notch  root  toward  the 
specimen  center  as  the  peak  load  increases.  Moreover,  at  the  highest  load, 
SPATE  scans  (fig  11)  show  that  the  temperature  is  essentially  uniform  within  the 
net  section,  with  only  random  fluctuations  remaining.  These  observations  imply 
that  the  stresses  are  uniform  and  equal  to  the  net  section  stress.  Such 
observations  are  consistent  with  the  notch  insensitive  behavior  found  for  this 
material  (fig  2).  Surface  replicas  revealed  a  multiplicity  of  matrix  cracks 
emanating  from  the  notch  (fig  10).  There  was  no  evidence  of  shear  bands  in  this 
material.  This  evidence  classifies  the  SiC/CAS  material  as  a  class  II  composite,  in 
which  stress  redistribution  is  achieved  through  the  inelastic  deformation 
provided  by  multiple  matrix  cracks. 

SPATE  images  and  line  scans  obtained  for  the  SiC/SiC  materiaKFigs  12 
and  13)  show  some  stress  redistribution.  However,  a  stress  concentration  persists 
throughout.  The  damage  mechanism  operating  in  this  material  is  presently 
unknown.  Whichever  mechanism  operates,  it  is  clearly  less  effective  in  stress 
redistribution  than  the  shear  band  and  multiple  matrix  cracking  mechanisms  that 
occur  in  the  C/C  and  SiC/CAS  composites,  respectively. 

5.  ANALYSIS  AND  INTERPRETATION 

The  combination  of  SPATE  measurements  with  x-ray  and  replicated 
images  indicate  that  matrix  cracking  damage,  occurring  as  either  shear  bands  or 
multiple  matrix  cracks,  modify  the  stress  around  notches.  To  further  understand 
the  implications  of  the  SPATE  results,  it  is  recalled  that  the  measurements  are 
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made  at  small  stress  levels,  following  the  introduction  of  damage  at  larger 
stresses.  Consequently,  the  damage  must  influence  the  stress/strain  laws 
applicable  at  small  strains.  Unloading/reloading  measurements  conducted  in 
both  tension  and  shear  have  indicated  that  the  unloading  modulus  diminishes  as 
a  consequence  of  matrix  crack  damage  (Fig  14).  The  damaged  material  w’ould  be 
located  primarily  ahead  of  the  notch  in  the  SiC/CAS  composite,  but  normal  to 
the  notch,  within  the  shear  bands,  in  the  C/C  composite.  The  diminished 
modulus  is  regarded  as  the  phenomenon  that  causes  the  stresses  inferred  from 
the  SPATE  measurements  to  differ  from  the  elastic  solution  .  It  is  proposed  that 
the  damage  creates  a  gradient  in  the  elastic  modulus,  such  that  the  stresses  near 
the  notch  are  reduced,  as  sketched  in  Fig  15.  Moreover,  results  for  stress 
redistribution  in  materials  subject  to  shear  bands  (Fig  9)  indicate  features 
comparable  to  the  measurements  performed  on  the  C/C  composite.  A  more 
detailed  understanding  of  stress  redistribution  would  require  that  SPATE 
measurements  be  made  over  a  range  of  superposed  mean  stresses,  thereby 
illuminating  the  non-linear  stress-strain  behavior  in  the  damaged  regions.  Such 
measurements  would  provide  constitutive  relations  that  could  be  used  in  stress 
redistribution  calculations. 


SUMMARY 

SPATE  measurements,  in  conjunction  with  x-ray  and  replica  observations, 
indicate  the  existence  of  damage  mechanisms  that  result  in  local  gradients  in 
elastic  modulus.  These  gradients  in  modulus  cause  stress  redistribution.  The 
magnitudes  of  these  effects  at  small  strains  have  been  established  from  SPATE 
measurements.  These  measurements  have  also  revealed  differing  stress 
redistribution  behavior  for  each  of  the  three  composite  systems,  associated  with 
different  damage  mechanisms.  The  damage  mechanisms  themselves,  have  been 
described  elsewhere.1'5  While  the  present  study  affirms  that  damage 
mechanisms  occur,  which  change  the  local  properties  of  the  composite,  50'32 
quantitative  assessment  of  stress  redistribution  requires  further  research.  Most 
importantly,  the  stress  redistribution  which  arises  at  peak  loads  will  be  more 
extensive  than  that  found  at  small  strain  by  the  SPATE  measurement,  because  of 
the  additional  contributions  to  the  inelastic  strain  caused  by  sliding  at  the 
fiber /matrix  interface. 
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APPENDIX 


The  Thermoelastic  Phenomenon 

Thermoelasticity  describes  the  relationship  between  applied  stress  and 
temperature  in  an  elastic  body.  The  thermal  and  mechanical  state  is  given  by 
the  first  law  of  thermodynamics28 

dU  =  dQ  +  PdV  (Al) 


where  the  change  in  internal  energy,  dU,  is  related  to  the  heat  conduction,  dQ, 
and  the  work  performed  on  the  body,  PdV.  Upon  combining  the  first  and 
second  laws,28 

U  =  TS  +  VOyEij  (A2) 


The  dilatationaP  and  deviatoric  strain-rates  are  related,  respectively,  to  the 
corresponding  stress  rates  by26-28 


and 


®»j  = 


s»j 

2Gm 


(A3) 


(A4) 


where  Km  is  the  adiabatic  bulk  modulus,  Gm  is  the  adiabatic  shear  modulus,  and 
p  is  the  coefficient  of  thermal  expansion,.  By  using  the  Helmholtz  free  energy 

F  =  U  -TS  ( A5) 


the  time  derivative  is 
F  =  0  -  TS  -  ST 


(A6) 


+  For  convenience  the  subscript  kk  is  omitted  on  both  the  dilatational  stress  and  strain. 
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Upon  combining  (A2)  and  (A6) 


F  =  V(ce  +  Sjjejj)  -  ST 


(A  7) 


Also,  the  total  differential  is 


dF  =  V(ade  +  Sijdejj)  -SdT  (Ag) 

Assuming  that  strain  and  temperature  are  the  independent  variables,  both  the 
free  energy  and  entropy  are  expressed  as  functions  of  these  variables, 

F  =  F(e,ejj,T)  (A9) 

S  =  S(e,eij,T)  (A10) 


From  elasticity. 


o  -  Kme  -  Kmf}T 

and 


(Alla) 


e..-  s»i 

J  2Gm  (Allb) 


Equations  (A9)  through  (All),  in  conjunction  with  (A8)  can  be  used  to  derive  a 
functional  relationship  between  changes  in  stress  and  changes  in  temperature. 
The  total  differential  of  the  Helmholtz  free  energy  and  the  entropy  (from  A9  and 
A10)  is  given  by 


dF~s^e+J|d':iJ+ifdT 

and 

.c  dS  .  dS  .  dS,_ 

dS-^e+^+fffdT 


(A12) 


(A13) 
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Comparing  (A12)  and  (A8),  the  partial  derivatives  of  the  Helmholtz  free  energy 
are 


vs 

aeiJ  VSlJ 


,  9F  . 
and  =  -S 
9T 


(A14) 


These  relationships  can  be  used  to  determine  the  partial  derivatives  of  the 
entropy.  Using  the  fact  that  F  is  a  perfect  differential  and26"29 


S 


dF 

BT 


the  partials  of  S  can  be  determined  as  follows: 

as  _  a  3f  a  aF 
ae  '  aeaT  '  aiae 


(A15) 


However,  from  relations  (A14),  by  assuming  constant  volume  (small  strain),  and 
elastic  constants  independent  of  temperature. 


(A16) 


such  that, 

as  _  ydo 

de  dT  (A17) 


Using  (Alla)  as  the  functional  form  of  a,  the  partial  with  respect  to  temperature 
is 


|  =  -KJ5 

leading  to 

|=K„pv 


(A18) 


(A19) 
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In  a  similar  manner. 


=  -v^i  =  0 

dT  (A20) 


The  differential  of  heat  is  related  to  the  specific  heat  at  constant  volume,  and 
temperature  through27 

dQ=  poVCvdT  (A21) 

and  with  entropy  defined  as28 

TdS  =  dQ  (A22) 

then, 

as  _  PqVCv 

dT  T  (A23) 


Using  (A19,  A20  and  A23  )  in  (A13)  gives  an  expression  for  the  total  differential 
of  the  entropy  in  terms  of  the  independent  variables 


dS=^^T  +  KmpVde 


(A24) 


Multiplying  by  T,  and  taking  the  time  rate  of  change  of  the  differentials  gives 


TS  =  p0VCj  +  KmpVTe 


(A25) 


Under  adiabatic  conditions,  since  TS  =  Q  =  0,  equation  (A25)  reduces  to  an 
expression  for  the  dilatational  strain  rate  as  a  function  of  temperature. 


e 


PoCy  ^ 

KmPT 


(A26) 
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Using  (A3)  in  (A26)  gives  an  expression  for  the  hydrostatic  stress  (eqn  1) 

d  =  -Kmp/l  +-£^W 
\  Kmp2T/ 

This  equation  relates  temperature  changes  in  an  elastic  body  to  changes  in  the 
hydrostatic  stress.  The  second  term  in  brackets  is  much  larger  than  the  first, 
resulting  in  a  simpler  approximation  that,  typically,  differs  in  value  by  less  than 
0.6%,  (eqn  2) 

c^.Po^T 

pT 

The  important  assumptions  that  lead  to  this  equation  are:  (i)  a  reversible  process, 
(ii)  adiabatic  conditions,  (iii)  e,  e*j  and  T  are  independent  variables,  (iv)  constant 
volume  (small  strains),  and  (v)  the  elastic  constants  do  not  change  with 
temperature. 
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Three  classes  of  damage  have  been  identified  in  CMC's,:  (i) 
propagation  of  a  single  Mode  I  crack  (Class  I),  (ii)  multiple  matrix 
cracking  (Class  II),  and  (iii)  shear  band  formation  (Class  111). 

Representative  stress-strain  responses  for  each  of  the  composites 
tested  in  this  study:  (a)  tension  and  (b)  shear. 

A  materials  notch  sensitivity  depends  upon  the  size  of  the  inelastic 
zone,  as  measured  by  the  ratio  of  notch  depth  to  inelastic  zone  size: 
A  is  the  notch  sensitivity  index.  L1L12 

A  SPATE  scan  on  a  model  test  specimen  shows  the  stress 
concentrating  effect  of  the  notches.  The  asymmetry  is  due  to 
specimen  misalignment,  resulting  in  bending  stress,  as  evidenced  in 
the  slopes  of  both  the  notch  root  and  far-field  line  scans. 

A  comparison  of  FEM  calculations  and  SPATE  measurements  of  the 
stress  concentration  factor.  Edge  effects  during  scanning  preclude 
measurements  within  an  edge  zone  equal  to  the  spot  size  (400mm). 
The  effect  of  averaging  over  a  spot  size  400mm  from  the  notch  root 
is  shown  by  the  dashed  lines. 

A  series  of  images  taken  during  interrupted  testing  of  the  C/C 
composite  shows  the  development  of  shear  bands.  (a)  Low 
resolution  SPATE  image  shows  the  overall  effect  of  shear  bands  on 
the  stress  distribution,  (b)  Higher  resolution  image  before  shear 
band  formation,  (c)  after  shear  bands  reached  l/a=l,  (d)  x-ray  dye 
penetrant  image  (courtesy  of  F.  Heredia  and  S.  M.  Spearing). 

SPATE  line  scans  indicating  the  temperature  distribution  across  the 
net  section.  (C/C  specimen). 

The  stress  concentration  factor  (SCF)  varies  with  shear  band  size 
(1/a).  The  linear  curve-fit  is  representative  of  the  trend,  and  can  not 
be  used  to  extrapolate  beyond  the  existing  data . 
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Figure  9. 

Figure  10. 

Figure  11. 

Figure  12. 
Figure  13. 

Figure  14. 

Figure  15. 


Stress  redistribution  along  the  notch  plane  by  shear  bands  having  a 
shear  strength,  t  =  50MPa. 

SPATE  images  (a,b,  c)  and  corresponding  surface  replicas  (d,  e,  f) 
taken  following  loading  of  the  SiC/CAS  composite.  These  images 
show  stress  redistribution  due  to  multiple  matrix  cracking. 

SPATE  line  scans  extracted  from  the  full  field  scans  shown  in 
Figure  10  graphically  illustrate  stress  redistribution  across  the  net 
section. 

SPATE  images  obtained  for  the  SiC/SiC  material. 

Overlay  of  line  scans  connecting  the  notches  (a)  as-received 
specimen,  (b)  after  loading  to  160MPa. 

The  unloading  modulus  decreases  with  increasing  matrix  crack 
density..  (Data  from  SiC/CAS  and  SiC/SiC  courtesy  of  Jean-Marc 
Domergue). 

A  gradient  in  a  materials'  modulus  results  in  stress  redistribution. 
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